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(:3 - Preface.
s . The Kalman Filter is a minimun variance filter derived

l with the following assumptions: the dyneanics of the system
are lincar, the observations are linecar furctions of the
states, and all of the ncoisec sources ant. their statistical
characteristics are known. For the caxé'of estinating the-
-state of the hallistic re-cntry .vehicle on the bas

g'noisy reasurenents, the Kalman theory cznnot be aprlicad

- . directly. The valicity of the lincariz:zticns made in the

ciztension of the ¥alman Filter arc c:arinad. . v

.

. . Ve wish to express our indeltednest te Lt. Col. Roger

~ R ¥

, . W. Johnsen our thesis advisor for his corntinnal encourage-
nent, advice, and patience throuchout +hisg stuly.

.
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Abstract

This thesis presents the results of a study wherein
the Kalman filterin§ technique is applied to the estimation
and prediction of the trajectory of a:ballistic missilg
from radar measurements made from an airborne radar syster.
Any intercept systen which is to guice an anti-nissile is
crxtlcally dependent on these computational functions.

“The Kalman: Plltcr equatlonu are based on a nurber of
assumptions that are not entirely justificd in actual prac-
tice. For the case of estimating the statc of a ballistic
re~en;rj vehicle on the basis of noisy meésurements, the
Kalman theory cannot be applied directly.

In this.paper the Kalman estimator is extended to non-

linear tiajeétory equations and unknown ballistic para-

meters. "An estimation and predxctlon nodel is developed

1s prov;ded fron a phas

-

‘assumlng that a21muth, elevatlon, range and range-rate data

-
ay radar aboard an aircraft,

In order to evalua model, a digital coméuter program
was developed where¥n a referencg’trajectory for a missile
is generated and this information, along with tracker air:
Fraft position, is used by étradar mode} to generate air-
borne tracking information which is contaminated with noise.
From this information the Kalman estimation and prediétion
model yields estimates of the present states and future

states of the target. These are compared with the refer-

ence trajectory to evaluate the model.
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]
APPLICATION OF THE EXTENDED KALMAN FILTER

TO BALLISTIC TRAJLCTORY ESTIMATION AND pnnnxcwldg

.

<

-t I. ISTRODUCTION

This study is’cqnceined with the computatiochal aspects Q
of an airborne radar systemn which tf;cks re—eﬁfry vehicles.
It is recquired that pssition and velocity of an incoming re-
entry vehicle be deternired fron noisy radar data. Furéhpr-
. more, it is necessary to predict the vehicle's future posi-
‘tion on thé basis'fﬁLJﬂﬁ;igngént estimafe of position and
velocitf. The first pa{f»gﬁ”this'hroblem is réfgrffd'to as <
the “estimation problem®, whereas the second part is re- “
ferred to as the “prediction problem". A third aspéct of
the problem is "identification®. Identification differs
slightly from estimation in the sense that the imperfectly
known paraﬁéters (e.g., balli;tic coeffici?nt) c?aracter-
izing the signél-generating pfocess are obtgined froﬁinoisy
observations, whereas previously the state variables (ile.,
position and velocity coordinates) were estimated. Know-
ledge of the ballistic coefficient significantly ehhénces
the quality of the prediction. { y

In the usual trajectory determination problem, we mage .
discreée.noisy measurements qf variables related to the

state of a vehicle whose motién is uniquely determined by !

its unknowr’ initial state, and we ask, on the basis of noisy"
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-easu;euentd, for the 'best' estimate of the state at any
time. In a series of well-known papers (Ref 1 2,3)

R.E. Kalman describes an Optimal filter applxcable to noisy,
txne-varying, }inear systems. Th1s filter, which is essen-
tially a minimnm-vafiarce iinear es*imator, is particularlg
suitable for trajectory aetermxnat1on problems in whzch
estlmates of state variables are desired as rapidly.-as pos-

sible. However, the trejectory estimation problen ie,non;

L4

linear and the Kalnan theory cannot be applied directly.

" K3fhough the Kalman filter is optimum only when the.
S )

.system differential eguations and measurcuents are linear,

it has found considerable use in estimating the state vari-

_ ables of a nonlinear system witil measurements that are noise-

1]

corrupted nonlinear functions of state variables. This em-
ployment of the Kalman filter is,f;equenslyqreferred‘ﬁo as
the "Extended Kalman Filter"{ It is.an intuitive but fre-
quently successful application of the Kailman filten'in‘fhe
absence of truly optimun flltets for non-linear sysﬁems

In; brief, the Kalman P;lter can be quite useful in esti-

mating the state varxables of nonlinear systens. Hovever,

,more care must be exerclsed in checking theoret1ca1 results

e i

by means of simulation. When the Kalman Filter produces poor

estimates of the states\of a nonlinear systenm, xngenious

”,

changes can often produce a useful modifxed version.

°
[}
-

<2
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II. FILTER EQUATIONS

<
3 v e

» -

The Linear - Gaussian Case . e

The Kalman F11ter equatzons specify an estimate of the _
state of a linear tlme-Vhryang dynamlcal system observed se-
qentlally_xn the presence of addltive white Gaussian noise.’
The equations used in tze.xalman Filter are given below. ~

The derivatioh of these eqghations can be found in numerous

3,
B e

’teﬁerences (Ref 1,2)2 The linear system is described by

° .

FX+U - (1)
-

[
|

where the conponents of 5 dre the states of the syatem, F is
the system desciiption matrix, and U is-a white Gaussxan
nozse process that may represent either aétuai input noise -
or inaccuraczes in the .system model. Observat1ons repre-

sented by the vector % are madé according to |, .

\ . .
-~ " 4 s
“ a “ .
\.

\\ S s s T a=MxAV. (2)

where M, the measurement matrix, describes the linear. combi-

!

nation 3{ the state variables which comprise 2 in the .ab- \

sehee of noise,. and v is a‘wbite Gaussian noise process as-
§ueeé\inde}endent‘of U. The covariances of U dpd V are de-
noted.Q and R respectively, and it is assumed that an a
priori eetimate:of states, X has been” made with error co-

variance P.

Vv
'_A. s ¢
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The filtering equations may be written as a set of pre- f§
_giction equéiions /} ,

4

RN

oA a ,;d s
\ X4 (7) = i'g‘(t{‘ / (3) ;
b (;) = ¢ P (+) & +‘é "/ (4) “
Pyl 2P+ & +Q o

i

which describes the behavior of the estimate and its error

i e

- - ! 3 N ) -
covariance between observations, and a set of coxrectloq/

/ . -. ' ' - -
. v - / :
. ; o .

equationg
' e < C v . [f/ -
R+ =R ¢)+xiz-nx 317 (5)
% :‘ L] . . ] , . ; ] .’[4
‘K=P () 0 ME () K+ -‘3"/1 SN O
. P(#) =(I-KMP() /| ' %)
= 7 ; '
which take into account the last
and (+) indicgte~immediatelx rior to and J}ter méasurehents,“ .
and ‘¢ is the state transition matrix of equation (l{‘éiven by
. : o |
FTCICIC L P U N gV N 1) B

-

Data Needed for Kalman Filtering. In‘2£2jr to employ the-

“ Kalman filtering process certain information about the sys-

tem and ‘the statistical charécte:iggigs of _the input and

-

measurement noises must bg/known or assumed. The following

data is required before the Kalman filtering progéss can be

initiated:
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A
\ -
\

¥

1. System description or F matrix for all values of time.

2. Sampling time At-

R

3. State tramsition matrix & (At). .

4.~Measuremént matrix M.

-

/

e r Initial state covarianc

-

/ : - A
/8. Initial state estipfte matrix X (-).

- Elat), B, (4 ﬁnd/gf. ]

s

- / 3
6. Input noise covariance :Zyr1x Q.

- Wtrix g°(+).

-

5. Measurement noise covariance matrix R.
peadtrere® : /e -

te state covariaﬁce matrix gk+1(~), Eq -(4), using

‘3.”Cohputé the filter gain matrix K, Eq (6), using M, P

(") ’ and g\.o

. 4. Comﬁute estimate of state 2(+), Eq (5), using the ob-

§ervation/§?—§, and 3(-).‘ \
/ K A

1

/ .

tine interval,

The Extencded Ralmnan Filter /

/ ! .-
/ 5. Update the state covariance matrix P(+), Eq (7).

6. The above compﬁtapional process is repéated eaéh At

\

. , S ‘ . .
The Kalman filter is a 74n1mum variance filter derived

with the followirg assump%ions:

l. The dynamics of the system are linear.

~

\

2. The observations are linear functions of the states.

3. All of the noise sources and gheir statistical char~

acteristics are known.

///
///,//

P

o |
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- |
For the case of esti*ating the state of a ballistic re-

7

9n€§y vehicle on the basis of noisy measurements, the Kal- -

- Coa ;
- . ///// man theory cannot be applied directly. The system equa- j

tions governing the vehicle are highly non-linear, and the
observation equation is non-linear.
If our knowledge of the system state is such that the

matrices

A T P TN

P = ' (9)

15>
I

M= . (10)

15

I//

are approximately constant over the range of unéeftainty in
3, then the state transition matrix, ¢, can be determined .
from equation (8) and the filter gain. calculated using the

redefined F and g‘ﬁatrices. It should be noted that F and

M matrices computed from equations (9) and (10) can be non-
\

linear functions of g.

These téchniques are only approximate. They require
that the disturbances, measurenent ﬁoiées,and uncertainties
i

in the'stfge be such a size that the higher order terms ig- .
norea’ig/computing the error covariance are insianificant. |
If this condition is not satisfied, the application of the
Kalman Pi;ter to nonlinear systems may be useless. Care

must be exercised in cheéking theoretical resuits by means

of simulation. Because the error covariance equations -
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provide only an approximate evaluation of the estimation
error statistics, Monte Carlo techniques are required to

verify the use of the Extended Kalman Pilter '.for nonlinear

systens.

—

-

;o

i -

B b 'mvwﬂvw—w??
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III: EQUATIONS POR ESTIMATION OF A BALLISTIC TRAJECTORY.

Coordinate System

3

The problem of precdicting the tra;ectory of a balllstlc»

4

vehxcle can b:\tormulated in several ways. Foremost in any

formulation is the choice of a dynﬁnically and cbmputationé

ally conVenlent frane of reference in whlch to perform the )
operations and solve the problen. A 1091ca1 cholce to sat-
isfy this requirenent is a referénce fraise uhlch is flxed
with respect to the earth.  The coordinate systen cnbsen
has the origin at the céhter of the earthaanq a vertlcél
axis passing throucgh the ﬁbint of acgp%siiion of the’target.

One level axis is down-range and the other level axis is in
& . ]

+ a lateral direction. This system is essentially a tangent-

plane  coordinate systen fixedaon the écquisition;pq}nt. The
tangent-plane coordinate system'has the advantage that two -
of its axes are thSLCally oriented to be nomlnally in ‘the
m15511e flight plane. The 1n1t1a1 covariance méi}ix of
9st§mation error may be more eas1ly defined and more gen-

erally applicable to all acquisition geocietries, The main

) <. . )
- disadvantage of the tangent-plane-systen is that nore com--

£

putations are performed during filtering to place vectors
on this frame. The tangent-plane coordinate system is shown
in Figure 3 and discussed in more detail in this chapter.

Equations of Motion

Once a reference frame is chosen it is necessary to for-
™~

mulate the dynamic equations of motion for a ballistic

[l

P
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* vehicle on these axes. The equations of motion for the ve~

hicle in the tangent~-plane coordinate system are

.

- ~9V% X - 2[0YZ - azY] /

X 1
X = -
-4
. ) 2
) : =y [uxx + wYY + uzZ} + Q°X . N (11)
° - Y 1 1 * * *
Y=L o vz ¥ - 2{e,X - w,Z
\ B2 28 fugX = wuyZl
- : ‘ 2 _
vy [wxx + mYY + mZZ] + 0°Y . (12) - -

7z =- ¥ _Llg_ 2[0,Y ~ uyX]

pA

=

- w, [mx¥ + wyY +:u22] + Q7% s

where the symbols are defined in Table I. -

‘e

The state vector has seven components: ’

- .
X

<

154
#
[ e

N e

1/8 .
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TABLE I

-~

NOMENCLATURE FOR VEHICLE EQUATIONS OF MOTION {

X - Down-Range coordinate of vehicle

Y - Cross-Range coordinate of yehicle

Z - Vertical coofﬁinate of vehicle- ‘

R - Distance from center of earth = Vx%+y2+22

V - Speed of vehicle = Vgé + ¥4 32 ’

g - Ballistic coefficient of vehicle = ‘a,%; !

p - Atmospheric density
u - Gravitational constant .

Q --Barth rate

ﬂ“x'"y'“z Tangent~plane cogponenté of earth rate

-

Choice of Filter Stateés

Once the linearized model is determined, it as neces-

sary to choose what quantities are to be estimated by the

filter. Since the errors in the states of a nonlinear sys-
tem pehave much.ﬁore linear1y=thén the states themselves, it
was decided to apply the linear filter theory only to the
estimaéesTOE the errors in the st;tes. Thusilt is neces-
sary to férmulate a linearized error model which is based

on the partial derivatives of the equations of motion with
respect to all state variables. It is this error model
which is implemented in the kalman Filter. The state vector

for the Kalman Filter is then defined as

10

LR
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The n&ﬂlingar systen equations are-then rewritten as

X
Y
2
X - ZINYZ - mzY]
wY+mZ]+92X
Y T Yy .
Y - 2[uzX - me]
w,Y + v, 2] + QZY
Y'a A
2 - 2[wa - uYX]
0w, Y + w,Z2] + 922
. 4 2

0 0
0 0 "ho 1
o o 0 o 0
fxx fxy fxz fxx | Exy
f;rx fyy  fyz  fyx  fyy
fax gy . £33 f3x o fyy
0 0 0 o 0

11

X8

Y8

Z8

(15)
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AX
AY

AZ

1%
t

AX (17)
‘Y '
Ai“

Al/€

CIR = ——

The differential equation for these erfror quantities can

then be written in matrix form as

(18)

-

=F )

'i'x .

-

where F was defined by equation (16). It should be noted
that‘althpugh this is an erz;r model, the system descrip-
tion;matrix, F, the state transition matrix, ¢, and the ob-
servation matrix, M, are functions of’the‘total estimated
statésé The total estimated states are determ;ned by

»

numerically integrating the nonllnear equatlons of motion

¢

and subtractlng out the estimated error. Thus the total

states are being 'controllé‘" , s
Thls is the fundarental dlfference between applylng the
fllter to a linear system and to the dev1at10nq of a non-
AN i

linear systen. -

Observation Equations

)

Observations.of the rerentry vehicle are made every At

\
seconds by means of a phased-array radar. It is now neces-
sary to decide which quantities will be treated as observ-

ables. Measurements are made of the azimuth, A; elevation,

i

12
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. ﬂ E; range, R; and tange-rate; i {dopplerxr velocity) of the
.re~entry'vehic£e with respect to the aircraft{coordinate
system. Figure 1 shows the geometry and gives the relation-
ship between the radar and the'hirq;aft coordihate systens.
Since the filter is being mechanized as an error model,‘
. it is necessary to treat errors in the Jbsefvations_as the
measurcuents. Thus the *measurenents® for gbe Kalman Filter

are actually differences betveer system~-indicated 2nd mea-

sured position and range-rate. g
J If the measurenent is not given directly in the compu- , -
tational coordinates, it must be progfrly transforned

through knowledge of the particular geomettynihvolvedl The .

_transformation can either be performed outside the Kalman -
. » ' Filter or take place in the measurement matrix, M,

The vector of observables was chosen to be

| g— ey e omy -
A

. X " % aX c
Y, - Y, AY’ s "
2= |z, -2 1= |82; - . (19)
_l}c } ;‘9_' f‘f. o

_vwhere the subscripts "c" and “o" refer to computed and ob- .

served quantities respectively. The measurement matrix,-

M, is thus defined as

ﬂ
1 0 0 0 0 0 0
o .1 0 0 0 0 0
5 M= 6 o 1 0 o o 0 | (20)
l ,____h_u_;;o_, 0 (1] SXR C}R CZR 0

13
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wherc the’ thrce non—zcro elements in the last row are the

;5 ‘. dlrectxon c051ncs betwcen the X, Y, 2 tangent—plane axes
i and “he radar 11ne~of~51ght. J ’ )
- Then . - ‘ ‘ C _ | T
. e, g=Mxew (21
A °

(Y

vhere ¥ is” a vedtor of white measurement noises..

, ° M ¢
v . .

. Kl “ r “ LY
4 The m‘asurcment noise covariance matrix, R, is function-

) ~f>

ally depcndent on the statistics of the sensor errors and

the orlcntatlov of the sensor. Since the % vector was

~

. |

| chosenR to~ba theﬂthree p051t10n errors and rénge-rate error,

s

it -is nedessary to transform the n01se errors of, a21muth, .

7

elevat;on, and’ range 1nto noise in the three position

o
-

/ o - ‘ X LN T ‘
errors } ° ¥ - . .

The relatzonshlp«betaeen the position vector of the re-

entry vehche,}n radar -coordinates is given by ’ :

4

‘ S R ST PRI
’ r ~ ! / Jumnance —
f b =™ S - -
“ . cos E cos A 0
- \‘. ‘ . a R - B ) )
A al =|- cos Esina [R]+ 0 (22)
; Z sin E. +h
¢ q
%Tak¥ng the differential of equation (22) yields
P, — T" ) N . SRy v sy
AX, .~R cos E sin A -R sin E cos A cos E sin A}]aA
< R “R cos E cos A R sin E sin A ~cos E sin Al|4E (23§
. 1az .0 R cos E "sin E . AR
L & ! JEN § Nig.
Eéha;}on {23) is defined as .
o A%:= A AV T - (24) .
Ag=LeL , /
..ty , ; N
. E}.‘ v | |
g' ("?j o ;. @ 15
i ' ,~' ’ L)
ey
. . .‘g n B

& -
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e
W, =

LN AY

_i . (25)

T E
G o

A\l

where EI is the three position components of the measure-

ment noise vector, V, is'noise in the radar position mea-

surements, gg’is the direction cosine matrix from aircraft

- coordinates to earth coordinates, and Qg

© cosine matrix from the earth coordinates to the tangent-

is‘the direction ..

plane coordinate system. The covariance matrix of the posi-

- R ]
tion components of the neasurement noise, denoted R Y, be—"

-

cones . . E
L L S B - $ T .E ,,T
I R =E (Ei Hll = (QE QA Al R [QE EA Al (26)
where . , ’
e ""’2 -
°a 0 0
" _ T _ 2
R =E [V, V] = lo op 0 (27)
0 0 ‘ og .
'L. v —

L]
[

: . .
The total covariance matrix for measurement noise has

the fornm — — ;
' ] ] B
Ry Rip Ry3 0 .
' [ - ] ( ’ []
R= Ryy Rz Ry 0 (28)
’ ', ' '
T R31 R3z B33 O
: r
’ / o 0 0 o?
e R.a
17 |
L ‘.
j
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NOMECLATURE FOR KALMAN FILTER

X - Down-range position error of vehicle

- Cross range position error of vehicle

o

.Vertical position error of vehicle

Azimuth angle of vehicle relative to aircraft °

Elevation angle of véhicle relative to aircraft

- Range from aircraft to vehicle

Aircraft longitude .
Rircraft latitule

Aircraft heading oo

Bircraft flight-path angle

»

Airqraft altitude

-~ Radius of earth

Aircraft-to-earth transformation

- Earth-to-tangent-plane trag;formation

ngchR,CZR - Dxre?tion cosines between X, Y, 2 axis and]

radar line-of-sight

System Description Matrix

b

State Transition Matri%f '

2
Measurenent Matrix "

Filter coefficients Matrix

'

State covariance Matrix

Input noise covariance Matrix

Measurement noisé covariance qétrix

1]
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Linearization About Bstinated rrajectory

So far it has been assumed that a nominal trajectory is
available for linearization purposes. A procedure similar *;
to that suggested by Schuidt (Ref 4) is used to eliminate the |

-
- i

need for the assumed trajectory. As mentioned previously,
the total state;\hme being comtrolled. ?he total estimated

<

states are determined by numerically integrating the non--
linear equations of motion and subtracting out the estimated
error., - The gontrol equation is

24 =%(-) - % L . (29)

wheretg contains the estimates of the total states and g,

-

the errors in the states. Thus, we are always lxnearizing , ;
)about our estxmated traJectory. This could caase large_

' 0@ errors, initially in the 1inearity assunptions since the g a

” 4initial estxmated,trajectory could be way off. However, }

“ ‘ .the estxnates 1mprove rap1dly and . the assumptions become

- <
.

valid.
e Y
v s . Piltex Equations Sigplificat1on
')// . Not only does this technique provxde a good nomlnal“ |
ﬁrajectory to linearize about, but it also provides a sim-
- : plificatioﬁ of the Kalman Filter equations. Equation (5)
can be written as
- : A A '
| - . R 0 B Ky B - Moy 4 %) (30)
e
. . B
Y/
:°:L'r"\e - ,\‘ 19
: i w -
- ; 1 , i
- ._:..,::.‘ e w— - R - i ;i, & o ,a...i.,g -
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Since the total variables are now being controlled in agdi-

tion to being estimated,

-

]
[~

(31)

$o

[

Inmediately after the measurcnents arec made, the next esti-

-mate of the system errors is given by

A

X K

X1 = %41 S (32)

The simplification eliminates the need to compute Enzn and

En+1 3n§n. The matrices gn and §n+1 aré, howvever, still

required for the calculation of §n+1' ‘ .

This completes the necessary equations for implementa- ¥
tion of the Extended Kalman Filter. We must determine the ;
initial values for the estimated-trajectory 20 and values
for the initial state covariance matrix 2;, as well as de-

- fine the tangent-plane coordinrate system which is the com-

putational frame for filter mechanization.

kiR

Initial Estimate Of Trajectory

To applv the Kalman Filter, an initial estinate of the
state of the nonlinear systeﬁ and the covariance matrix of
errors in this estimate must be available. A reasorabvle
way of obtaining this is by use of the least-squares fit to

a polynomial. The coefficients of a second order polynomial

20
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A 2
a, N st;  It] X !
A _ ' 2 3 ’ .
a, | = It Tty Itg . IXt, (33)
A .2 3 4 2 ;
) ° a2 zti zti tti z.xti "’
bengsns. and — e g R

vhere the summati&ns are from 1 to N. FoeffgcientS’of Y‘aqh
Z wéfe obtained sinilarl&. Note the inverted matrix is thg
saise for ail threc cascs. ‘The values of X, ¥ andaz are the
coixponents of thc pos:tlon vector from the aircraft to theT
vehicle expressed¢ in earth coordinates by rotatlng the vec
tor throuéh the aircraft-to-earth direction cosines CA‘
Thus the polynonial fit is applied to the three earth con-
ponents of the vehicle trajectory.

The vehicle is nomlnally tracked ﬁor four seconds before
the coefficients of the\least-squares polynonial flt are °
chlculated. Then, cstinmated position vectors of the vehxcle

in earth cdordinates are calculated for tlne equal to zero

and time equal to four seconds by

X(t) =& vat+ Sztz
A A TR A 2
Y(t) = bo + blt + bzt
R (34)
%(t) = 30 + élt + éz(t)2
A A 2 A 2 A 2
R(t) = PYX(t)” + Y(t)© + Z(t)

These two position vectors:are used to establish the
tancgent-plane coordinate system and the direction co-

sines from earth-to-tangent-plane, Cg are calculated. A

21
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. 'velocity estimate at time equal td-four seconds is calcu- .
T lated by
' ° A A
X(t) = a, + 2 a2t
"\ A A
Y(t) b, + 2 bt ~ (35)

4 A A
zZ(t) c, + 2 czt

- / .
vhere thesc equations ?re the time derivatives of the poly-
/ “

|

nouials in equation (34). The conjonents 'of position and

e
!

velocity are then rotated into the tangenﬁ&p@ane‘system and

becore the initial c7nd1t10ns of the estiiiated states for. .....>»

—
i

the start of Kalman Filterang. . -

Initial State Covarﬁankc Matrix
[ .

A technique exists whereby the covariance matrix for

the estimated\sta7es can be determined from the variances.
assumed for the 7hdar system (Ref 6). However, these esti-

mates are not cg&tical to the process so long as they are

o

not grossly underestimated. Studies show that it is better

/
to overestimate the error for self-correlation terms rather
/ : '
than to underestimate, vwhereas, it is better to underesti-

mate the cross-correlated terms. Taus, we chocse to set all
cross-correlation terms equal to zero, and calculate the

diagonal terms by

= . 2 ‘
. Pyy = Byp = P33 = (Rop)
AROE 2
3 . Paa = P55 = Pge 5] (36)

P77 - read as i7£ut data

i ! ' P
»
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Figure 3 TANGENT PLANE COORDINATE SYSTEM
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where R is the range of tﬁe'vehicle from tpé aircraft, '

°E
is the ms value of elevation angle error qf.the vehicle,
and At is the tracking time fbr the 1eastjsq§a;e§ £§E.
Elevation ;rror was chosen because it is generally‘larger
thanxazimuth‘ergor. This technique has proved to estinate
position error about 50 percent hiqh and velocity error
about 100 pexrcent high vhen compared to the fitted error
for the geonetries and radar errors considerec.

These ipitial qgucsses could use sone refinenent since
our stucdies have shown the dynaiiic respronse of: the filter

to be a function of go.

Determination Of Tangent-Plane Coordinate System

_ In the analysis, radar measuresgits were collected

nominally for four seconds. This data was used to form

-prelinirary least-squares curve fits to the trajectory

v

for thg‘pqréose of obtaining initial position of the ve-
hicle at acquisition ;nd acquisiti;n plus:four seconds,

as described previously. Denotinéwthe position vectors,
in earth coordinates, at tines zero and four séconds,.as

50 and 51 resrectively, the product

EY . o

. BO X R

-1
=i (37)
LS N

« 2
%

defines th'e unit vector which is normal to the trajectory

plane and along the Y, axis as shown in Figure 3. The

P
product

24
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F

. .
as i XR
-n "? - .1.6 (38)
\

) 15&4
&

defineT the unit vector which is down-range and along the

xTP axis. The unit vector- in the vertical direction is

¢
-

simply o

"R - B

2 =4 _. (39)
p

Taus, the tangent-planc coorcéinate systen, w

ich ‘is the

computational~ffame for the Kalman Filter, hias been cstab-

lished. ¢

P
T

¥

tangent-~plape coordinate systems, .vhere- ; ] ,

e ) pe—
Tox  tsy ez
T < [ ' -
S = Tax  *ay  tnz - (40)
Tox rlvf tvz ' :
- // . s 4 .
The  transforrmation betreen aircraft and tangent-rlane
. & ' e
is sirply . ‘
T _ T E o
€ = & G (42)

Any inversion transforration is simply the transyose
since direction cosine matrices are orthonormal.

~

\ ’

A . 25
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‘ A computer prpgram;is implemeﬁted to evaluate the Kalman

¢ r

‘

Fiiter. An airborne radar platform is samulaté& &p provrde . "-\
tracking data. A radar model and ‘an aircraft model are used -
to simulate the arrborne radar platform.w Altitude velocity,
heading, latitude. and longituae deecribe-thg initiai flight

condit;ons of the aircraft. Azinuth, elevation, range, and \\\

3 .; .
rangc—rate fron the aircraft to the reference trajectory aré , e

¢ [ -

calculated byéﬁge of the.: radar mo: el. Noise is added to the

L

radar 1nf%rmation te corrupt these,perfect measurementg\jph

o f¢ A

noise nodél is. used to provmde ero nean GauSSian norse for

—¢

{
‘ auto~correfﬁtion ti constan?{ it can produce !expone%;
N [ . ’

o .
M . ¢

o tially co;related fioise™ (Reﬁ/73 T
& 5 é? . :

AS

An Adams-floulton, Adans~Bashf6rd predictor-cqrr tér

metpod is used to inteqrd%e the non~linear equations of Lo "ﬂ

- motion for the reference trajectory., A Runge~Kutta method . E
B o, ® _o.‘s . LA

4 ﬂs used to integrate the Tafggnt-?lane Kaimﬂn Fiiter tra- e

" -

;ectéry The error estimates £rom, the Kalman Filter model

T ¢ ¢
[

are subtracted fron tne noh—linear equations of motion to- -

Yo give the bcst eetinate of the posrtion,.velocity, and hai-

v

'4istic coefficient of the b@llistic missiler_iic _"hjn, : S .

.

] The prife elcment in aﬁyointercept probiem is ‘the abil~
| ity to accurateiy predict the pogition of the missile’ at '
. - o o 8 .
" ¢ some future time. This prediction is accomplished by inte-

4

TN f'grating”the equations of motidn, ksing as initial conditions
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... ' V. RESULTS

"o

-

ter:

Fbur t:ajectories are used to dvaluate the Kalman fil-

tuo aircraft missile confiqurations in coub1nation

Configuration A

\ withnhigh and low ballistic' coeffictents.

was constructed 56 that the wehicle flew past the aircraft
‘ (quufe 6) . Thls conf1guratgon allows us to investigate the
effect of haiing no velocity information about the m1881le

(zero range~rate) durxng part-of‘the tracking period. This

v R o

- MISSILE GROUND TRACK

s R « 7
- -

-,

‘.
. *

. always approafhing the aircraft (Figure 7). This configu*a- \
Lo tion allows us to investigaté the effect of having non-zero )
": tange-tate information for the entire period of observax-on.
ig,y%f : ~ COnfiguration A Configuration - ‘ :
* . ,.fgwgg L o ]
e soo’ 1b/f.t . e, 9,10,
Sex “Hyisg lb/ft N 14,15, 36 . 17518, 9. ?
¢« ;'° ’V- - & ”ﬁ . »
u Pt N *"', : . 30 Y : . - ":“.u

- /, _AIRCRAPT GROUND TRACK .

b

"Piguré’s, Aircraft-Missile Configuration A
occurs when:the distance Between the aircraft and the missile

- \ 3

is at.a\minémum.a o ‘ C ’ ‘

Configurhtion 'B.1s. constructed 50 that the vehicle is \




i;v./ /

"has been processed. However, by inspection of paéition

.effect of inoreased position prediction error ef;er more data

information available after ten seconds, twenty seconds, and

GGC/EE/69~-15

The position errors, Pigures (8,11,14,15) show the actual
position errors between the reference trajectory and the
estimated trajectory. Also, three plots of position pre-

diction error are shown as prediction was started with the

. > T e .
MISSILE GROUND TRACK AIRCRAPFT.
- GROUND TRACK

]

FPigure i Aixcraft-Missile Configuration B

thirty seconds of processing data through the Kalman filter.

One would expect better prediction results after more data

prediction errors for COnflguration A, Pigure (8) and Figure
(14), this is not always the case. In order to explain the
has been processed, the velocity erxors and the estimatedh \
ballistic coefficient must be examined at the start of pre-
dictien. In either the high or low ballistic coefficient

case, the velocity error decreases,at first, then increases,
and finélly‘decreases again. During the petioﬁ of the first
deEre&sc, the mieeile is above the atmosphere and an incof—
rect estimated ballistic coefficient has no effect on the
traiebtory; As the missile enterskfhe atmosphere with an
iecerfectlywesgimated ballistic cpefiicient, the velociti

error sﬁarts to ;ncreasé due to the iunctionhl relationship




-

GGC/EE/69-15

i *

between the velocity of the missile and its ballistic co-
efficient. Also, during the period of increééing velocity
error, the range-rate is apiroachinq zero as the range from
the aircraft to the missile approaches a minimum, As rore
data is processed through the Kalman filter, thé estimated
value of the ballistic coefficicnt nears ité~actua1 valic
and the velocity error décreases. ‘

‘Por aircraft-missile Configuration B, therc is an ex-
pected asympotic decrease in the velocity error, due to the

availability of non-zero rance-rate during the entire track-
] ,

.ing veriod. Hovever predictian errors have not significantly

improved %ver/genfiguration M because during prediction

the value of the estirated ballistic cocfficicent is

incorrect. Thc prediction errors do not incrcase as

rapidly at the start of prediction as in Conficuration A,

but still do increase.  The delay in the error builé-up

ig due to- the small velocity error at the start of prediction.

"However as preédiction continues an incorrectly estimated

ballistic coefficient causes the velocity error to increase
fapidly théreby increasing the position errors also. One
may conclude that no matter how accurate the position. and
velocity of the missile is known at tac start of preﬁicti&n,
the prime element in the prediction problem is the ‘ballistic
coefficient. In orcer to arrive at any firm conclusions a
parametric study must be made; such as, accuracy as a
function of trac?ing“tinc,‘tracking écomctry, and a prieri

<«

infornmation, ‘
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. $IBFTC.EXEC. .
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A ,
’
4

999
ENCE

COMMON
EQUIV.
1 -
1 .CALL ZERO
2 CALL INPUY
" LSTEPsSTEP
3 CALL INITAL
.4 CALL ourTl
S CALL ACTION
CALL OUTPUT

,/’

(CL001)sT
(C(006) +STEP

v
3

x

IFUT.LTTF) GO 0 & |

CALL RESET

60 T0 110203;495
-§ STOP

END. .

$I1BFTC ZERO, DECK

06,0LS1EP

» €

104€1002) 4 TF

‘

c
¢ . SUBROUTINE 2ERO SETS lNDle!ORS AND - (ONSTANTS

4
suaaourxue 2680
. ~“CoMMON C(99¢) "
REAL MU .

T - "EQUIVALENCE
FS | .

‘2. .
3 .,

.\ D01 121,999,

1 Ct192-0.,0
NORNDM=0 °
NOGUT =0 *
STEP=2,0
'RE=20926428,0

: MU=1,%0775 E36 -
Y WIE=7,2722€E~9
WI1E24WIEsWIE
, Fla=1,0 ~
‘ F2521.0.

K “F36=1,0 *

. RETURN
" END s

$18FTC INITL.

L4

'3

V4

(CL490) sNORNDH T » (C(499) sNOLIST) 5 (CL500) sNOOUT )9

(CL011)+RE
(C1013) s WIE
(C(zzzgifﬂa

/
LI J

¢ SUBROUTINE INITAL .

. CALL ATMOSI
' CALL TRAJUMI -

CALL PLANEIL .

CALL NOISED @
CALL MATCH'
CALL KALMAT *.
CALL. PREDTT .
CALL COMPAL -
REYURN

END - .

.

SIBFTC ACTIO. i

SUBROUTINE Acrxoﬁ i

COMMON C(999)
DIMENSION PTIME(
INTEGER PXOUNT
ltouxvusucz
o ‘1 CALL MISSLE
-(:LL PLANE
“«CALL NOISE
R CALL RADAR
3 CALL KALMAN
© CALL COMPAR

IF (PTIME(PKOUNTJoLE. 0.0&;REJUR
TFEToLToPTINE (PRKOUNT) ) RETURN

CALL PREDIC
RETURN
END -

"" l. 1] N ‘;"

1CL001)sT
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'
Wb

. ’ '
12(C1012)sMy

b+ (CL0141 sWIE2
19(C(230) sF25

loCC(OOB)oTTSKF

cczoxe).axount:.cccoxr».rtlus:: e

t

19 (CL006) o STEP ),
o .
)o(C(ZSS)nF36 )
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< B s a O
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T(CLOL])HRE 30C(I08YeH - )-l;(lﬂ?h\l 394C41101490Q - |
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$I8FTC 'Rm. DECK ) ) . g s o )
c . . v K] r . ! ’
.C ‘lﬂ'ﬁmkl]ﬂ aounut Fﬂ “ﬁ REFERENCE 'MCY“V N - . ;
€.  ADAMS-BASHFORTH - ADAMS-HOULTON PREDICYOR-CORRECTOR' wlm BMGE-KUTTA 1
‘€

mounnt Taamr ‘ . . »; .
_COMMON. C(9D9) e / ‘s -
: OOUBLE PRECISION. W
" DINENSION omssmﬂ&.snnu-vou» ‘ :
EQUIVALENCE . (CL003)oH 104CIO02 D 0X nlcuou.v / bo:
) U ccu\unvo y e {
- DATA M/67 —— P C
K=0 & PR . « s
K220 - _‘ e - - ° :
00 10 Is14H ‘o : . . i v )
10 W(le1)=DBLELY(IY , ~  / L o -, e
CALL DERY : - ) . :
00 1 1=16 - . ‘] T
1 D(1:5)=YDU]) . .7 K - s oo _ b
RETURN oo . - . .
ENTRY TRAJM . . ) o
40 xCex . L . - '
I,F "ioHE 0) lf AR Y 50050.1]0 . LI - ‘.
XP*S i"‘u?u , 1) . & . <
. ‘Dd &5 lsxm T o ] ) . )
45, uu,&;w«;‘.hw' ) o, . . :
50 ¥ KIxd=K . " - ¢ . e
00 70- fx1yM, | . L :
00 60 ﬁn”;\; //
60 D(IediaDItidsl) ./ :
~ Ifan)"ﬂ'ﬁi\!cﬂ '
v WL o2 )xNFle17+4.500%W1102) .
70 v«u-smﬁun 31 TR :
X=XCeSUH '
CALL DSRT .
DO 2 =106 - )
. 2. DtpeSysYRULY . - Lo R 5 .. '
S D0.80 FeleM . \ S A
VT3 )nHaDll,5) - S
. MET1)SMELs 1)+ 500% (M(Te3)-MIT02))  .° ° S 5F evel
‘Q‘ WEEYSNGLIWIT 1Y) by oS
GLL DERT ' A" & . - .
.. D0 3 1=1e6 - ‘ ,
.3 DULeSI=YDLI) L . S
00 90 I=1eM ‘) € N R o ‘
: MWl eA)=HEDI1,45) : .
lu.u-wu.lmm.u-.!ioo-uu.ar Lo o
90 YUE)=SNGLIW(I+1)} ) : . .
. X=XCHH . w e
CALL DERY ., ° ‘ .
‘ 00 4 t-x.s Coe o i~ )
& DUISI=YDLD) - 1o o . -
00 100 1=1.4" - . . .
. MULe1)sWT e 1) -NE1 4% 14.166656666656666678 (WL1s21+2.00% (W(1s3)4W(1sk
T LI ITHED(T,5)) . : : Lo N \
100 YCY)=SHNGLIN(T 1)) o .
s K=Ke3 - . . , . :
& . Klsk - : : R
' CALL OERT ™ . , . A s .
I PO 5 I=1+6 , ' . B
e "8 DLIe5)=YDLIY . e » . ?
Yo . RETURN " .o R o .
N 110 DO 130 I=leM ; . . . . .
L e, , WlLe2)eW(loly =~ ¢ - s . .
T i " D0, 120 J=1+4 :
. 320 Dt1eJ32Di1eJed} -
s Vitedaslitred w.ﬂuuuussuuvo-um Uss.4pl1 .u-so.iol 143 5431.*6
v e . 118219800101 0)
130 Y(HRIsSNGLIW(T+3)) ‘ .
: XaXCoH -~ Lo : ’
‘ . o : . s CALL DERT ;
i o = DO 6 I=146 . .
N : 6 04le51=YD(1) : . ; .
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. CALL DERP e :
R - ‘7 %146 c S . . '
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SIBFTC PLANI. DECK

SUBROUTINE PLANE — AIRCRAFT MODEL — GEMERATES AIRCRAFT POSITION AND
AIRCRAFT-TO-LARTH DIRECTION COSINES

AAAA

SUBROUTIKL PLANE] ; ’

COMMOX C(999) )

REAL LATSLOMGoLATRsLONGR

ECUSVALENCE (CU1263oLAT  10(CII27TIsLONG 39(C1128) oH? e
(CC129)oHEAD 196C(130) VP 1o 4CI13T) sGAMMA )
ICI1313eXEP  10(CE1323YEP 1eUCI133)42EP ),
(CL134) oVXEP )o(CE135)oVYEP Je(CI136)sVZEP ),
(CE0&1)9CAELL ) o(CIO4A)sCAEL2 24 (CL04T)+CAELS ),
(CIC42) 9CAE2] 19 (C(045)+CAE22Z 34 (CLO4E) sCAE23 ),
§CIC43)4CASE3L 3o (CI046)sCAEI2 1o(C(049)sCAE3S ),
€CL011) +RE 19(CIO0L) T )

DATA COTR/1,7453293E~2/

LATR=LAT#CDTR

LOKGR=LCKG*CPTR

HEADR=HEADZCHIR

SLONC=SIN{LL::2R)

CLOLG=COSILC. 3D 7

SLAT-SIS{LATR)

CLAT=COS(LAT.;

SHEAD=SIRIHZLDX)

CHEL.D=20S (HEALR)

SO NEWN

(o]

< CALCULATE INITIAL AIRCRAFT-TO-EARTH DIRECTION COSINES

(o)

CAL11=-SHELD2SLONG~SLATHCHEAD2CLONG .
CAE21=SHEAD*CLONG~SLAT®CHEAD* SLONG

CAE31=CLATSCHEZAD -
CAE12=CHZAD* SLONG~SLATSSHEAD*CLONG
CAE22=-CHEAD*CLONG~SLATXSHEAD* SLONG

CAE32=CLATESHEAD

CAE13:=CLAT2*CLONG

-CAE23=CLATESLONG

CAE33=SLAT

R=RE+HP

X0=CAE13%R

YO=CAE23%R

20=CAE33%R

XEP=X0

YEP=YO

2EP=20

VXEP=CAE118VP

VYEP=CAE2]1#VP

VZEP=CAE315VP ,
RETURN .
.ENTRY PLAKE

-  CALCULATE NEW AIRCRAFT POSITION

NAAN,

IF (VP.EG.0G.0) RETURN J
XEO=XC+VXZP*T

YEP=YC+VYEPST

ZEP=ZC+VIEPST

P2:=XEPSXEP+YEP*YEP

P=SORT (P2}

R=SORT (P24 ZEPS2EP)

HP=R-RE

¢
C UPDATE AIRCRAFT~-TO-EARTH DIRECTION COSINES

E11=-YEP/P
© E21=XEP/P

£31=0.0

€13=XEP/R .

€23=YEP/R

€33=2EP/R

£12--£21+£33

€22=€11%£33

€32-P/R

51
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VE=E115VXEP+E218VYEP+E31*VZEP
VN=E124VXEP+E22%VVEP+E325V2EP
VR=E125VXEP+E235VYEP+E33+V2EP
VH=SQRT (VESVE+VHEVI)
SHEAD=VE/VH <

CHEAD=VH/VH
GAMMA=ATAII2(VR s VH)

CAE11=E11 SHEAD+E12 %CHEAD
CAE21=£21%SHEAD+E22#CHEAD
CAE31+E315SHEAD+E32%CHEAD
CAE12=~E11¥CHEAD+E1 25 SHEAD
CAE22=~E21SCHEAD+E22% SHEAD
CAE32=~E3)1 % CHEAD+E32% SHERD
CAE13=E13

CAE23=£23

CAE33=E33

RETURK

END

52
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$1BFTC RADAR. DECK

o

-€

C

SUBROUTINE RADAR GENERATES RADAR MEASUREMENT DATA

SUSROUTIRE RADAR

COMMON € (999)

DATA CRYID/57.295779/

EQUIVALEKRCE

O\BGUNM

T4C(0GT) sEPSAZ
8(C1O70),AZ
94C04G) »AZD
X=XEH~XEP
Y=YEH-YEP
Z=ZEM-2EP
VX=VXEN-VXEP
VY=VYEN-VYEP
VZ=VZEN-VZEP

(CL10134XEM  34(C(102)5YEM
(CLI04) o VXEM  )9(CL105) s VYEM
(CU1I31)4XEP " 39(CE132),YEP
(C11356)9VXEP 3o(C(135) 9 VYEP
1C104219CAELL 1 9(CE044)sCAEL2
(CL0523 9CAEZ) ) 9(CL045)9CAE22
(CL043) sCAE3]1 3+(CL046) sCAES2
15 (CLOTTIsEPSEL 19(CCO87),EPSRA
1 (CLO30)9EL 194CLO50) oRA .
1:(CL050)4ELD ) B

XA=CAE11£X4CAE222Y+(AEST32
YA=CLELZEXHCAI225Y+CRERZRZ
ZA=CAE:35X4+CAE232Y+CAESB*Z -
AZ=ATANZ(~YAs XA} +EPSAZ
XYR=SURT (XARXA+YAXYA)
EL=ATANZIZAI XYR)+EPSEL
R=SORT(X*X+YSY$I*Z)

RA=R+EPSRA

RR=(IXSVX+YEVY+23VZ )/R)+EPSRR

AZD=AZ%CRTD
ELO=EL*CRTD
RETURN

END
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$IBFTC IGUES. DECK

SUBROUTINE 1GUESI

COMMON €1(999)

DIKENSION A(6)sAXI3)sAY(3)9..2(3)+sBX{3)sBY(3):82(3)

CALL SINV{A9+3+1.0E-5+1ER)

54

EOQUIVALERCE €CL031)5CET]] 39(CE034)+CETI2 10 LCE037)+CETL3
1 . $C1032)+CET21 39(CL035)+CET22 19 (CLO3B)+CET23
2 1C6033)+CET31 )+(CC036)9CET32 19 (C(03T) sCETII
‘ 3(CIO13)oWIE  10(CLO21D WX Do(C(022) oMY 1o (C(023) o¥Z
4 (CL061)sCAELL D+(CIOLL)CAEL2 )9 (CIC4T) sCAELS
5 (C1042) sCAE2] I s(C(045)9CAE22 10 CCIOGB) oCAELS
6 (C1043) oCLESY )4 (CI046)9CAESZ 14 (CI049) ¢CAESS
7 (C(141) o XTP 120CL142),YTP $elC(142)02TP
s (CO146) sVXTP  34(CI345)sVYIP )s(C(146),VZTP
9(CI0CT) +TK 15 (C(OC1)sT 1o (CLOOBY»TTSLF 3
20C(O07C) sAZ 1o (CICECYSEL 1o (CUGSC) 4 RA 1o (CLO11 0 oRE
2 (€103 9 XEH Yo (CULAC2)sYiN 19 40€103) 422N
3 (CL104)osVAEI Dol CH105DaVYEM Do (LUL100) oV EN
&UCOLCTIsBETA  19(CC140)sESETA Jo(CI169)sSIGEL Do (C(350) 45158
SICI4013sPP1Y 1o 0CE4D3)4PP22  J20CL606)sPP323 Do 1C(410) $PPL4
6(CI425)oPP55  1a(CI421)sPFLE  DolCLL2B)4PPTT s
T1C1128) »11P 1o0CL1Z0YsXTY  1s0CUIZINaYTZ 3o (CU122)+2TH
g (CE1250sVETS  Do{CUI260 VYTV )4 (ZC125) %27
C
C INITIALIZE THE ROUTINE .
C
10=T
DO ) 1=1y2
BX{1)=0.0 .
BY(1)=0.0 ' -
1 BZ(13=0.2
DO 2 1=146
2 A(1120.0
XOA=XEM
YOA=YEM
20A=ZEM
. RETURN
c
“ENTRY IGUESS
C
C COMPUTE POSITION IN EARTH COORDINATES FRO'Y RADAR OBSERVATION
C
COSEL=COS(EL}
XA=RA®COSEL#COS(AZ)
YA=-RAZCOSELESIN(AZ }
ZA=RAXSIN(EL}4RE+HP
X=CAE11#XA+CAE128YA+CAE13#ZA
Y=CAE21#XA+CAE224YA+CAE23%£2ZA
2=CAE31%XA+CAE325YA+CAE33£2A
C
¢ LOAD MATRICES FOR LEAST SOUARES FIT
C ¢
T2=T+7
13=12e7
AC11=A(1)41,0
A(2)=A12)47
A(3)=A(3)4T2
A(S)I=A(5)~T3 ,
A(6)=A(6)+T35T
BX(31=BX{L)+X
BX(2)=BX(2)+X8T
BX(3)=BX(3)14X*#T2
BY(1)=BY(1)4Y
BY(2)=BY(2)+YsT
BY(3)=BY(3)+Y*T2
BZ(1)=B2(1)+42
BZ(21282(2)+2%]
B2{3=B2(3)+2512
IF(T.LT(TTSKF-0.0005)) RETURN
Al4)sA(3) .
C
C COMPUTE COLFFICIENTS OF POLYNOMIALS FOR LEAST SQUARES FIT
C

1 X]
1 X}
| 0
1 X
1 )
)
1 X
bo
| K]

| K}
te
| K]
1 K3

i’
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AANN

[aNaXal

[aNaYa¥al

(aXalal

(a¥a¥aYal

(aXaXal

ANN

calt MPRD{ASBXsAXe303010041} !
CALL MPRDIABY2AY9303419001)
CALL MPRD(A+s8Z2¢£2930391+0+1)

COMPUTE ESTIMATED POSITION AND VELOCETY AT TIME T J

X1=AX(1)4AX(215T+AX(3)8T72
YI=AY(1)4AY(238T+AY(3)2T2
Z1=AZ(1)4AZ(2)2T+AZ(3)%72
VXI=AX(2)42,05AX(3) 7
VY1=AY(2)42,0%AY(3) %7
VZ1=A2{2142,07A2¢3)*T

COMPUTE ESTIMATED POSITION AT TIME TQ .

XO=({AXI3)-TO)+AX(2)}%TD+AX(1)
YO={(AY(3)*TO)+AY(2) " >70+AY(])
ZO-CIAZ(3)%T0)+AZ(2) ;- TOYAZC]Y

ESTALLISH TANGENT PLARE COORDIKATE SYSTEH! AND COMPUTE DIRECTIOR ;,
COSINES FOR EARTH-TO-TANSENT PLANE COORDIKATE TRAKSFORMATION

C1=Y0rZ1-Y1%20 .,
€2=20%X1-x0:21
C3=X02Yi-X1xYC
D=SORTIC1#Ci1+C22C2+C3%C3)
CET21=C}/D

CET22=C2/D

CEY23xC3/D
C1=CET22520-¥0=CET23
C2=CET23%X0~20*CET21

L3=CET2)1%Y0-X0*CET22

D=SORT (C1%C14C2%C2+C3%C3)
CET11=C1/D

CET12=C2/D

CET13=C3/D

D=SQRT { XO*X0+YO%Y0+20%#20)
CET31=X0/D _
CET32=Y0/D \
CET33=20/D

COMPUTE COMPONENTS OF EARTH ROTATION IN TANGENT PLAKE

T WX=CET13+WIE i .

Wy=CET23sWIE
W2=CET33sWIE ) £

COMPUTE INITIAL ESTIMATE OF POSITION AND VELOCITY FOR KALMAN FILTER

XTP=CET11#X1+CET124Y14CET1ANZ] ' g
YIP=CET21%#X1+CET22%Y1+CET2322]

© 2TP=CET318X1+CET3Z8Y14CET33¥2 )

VXTP=CET114VX1+CET122VY]1+CET]135VZ]
VYTP=CET21#VX1+CET225VY1+CET23#%v2]
VZTP=CET3lI8yXi+CETI2oVY]I+CET332V]])

COPPUTE DIFFERENCE BETWEEN ACTUAL AND ESTIMATED VALUES
OF POSITICN AND VELOCITY

DXO0=X0A-~X0
DYO=YOA-Y0
D20=20A-20
DX1=XEM-X1
DY1=YEM~Y1
D21=ZEM-21
PVX1sVAEM~-VYX]
bvY1=vYEM-VY1
DVZ1=VZEM-VZ1
DBETA=BETA-EBETA

COMPUTE INITIAL VALUES FOR STATE COVARIANCE MATRIX
SIGR=SIGEL*RA

55
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SIGR2=SIGR®*SIGR
S1GV=SIGR/T
SIGV2=SIGVE516V -
1F(S1GB+EQ.0.,0) SIGB=100.0
. PP11=SIGR2

PP22=S1GR2 .
PP33=SICR2

PP4L=STGV2

Pr55=-516V2

PPE6=SIGV2
PPT7=1.0/7151GB#S1G8)

OUTPUT CONDITIO0HS FOR START OF KALMAN FILTERIRG

PR

AAN

10X19SIGRsYEMeY1sDYI 0SIGReZF . 521eDZ1sSIGRIVXENSVALDVILISSIGY »
© 2VYEMaVY1 oDVY]1 9sSIGV sVZEMsVZ]1 «DVZ19SIGV +SETAEBETAIDSETALSIGD
S60C FORMATU(1ISHILEAST SOUARES FIT/1HA62Xe1H2/TH X = 1IPEl4.Te5H
. JELA4eTsTH T 4 3E16eTs2H T/1HA962Xe1H2/TH Y = +El4eTe5H +
- 224, TsTH T 4 9E34,7421 T/14P2062Xs2IMZ/TH 2 = 9E1GT95H +
3E14.7sTH T 4+ sEX6oTe2¢ T/7/77182. 418X 6HACTUAL s 31X GHEST IHATED
H6X 2 1OHDIFFERENCE 910X s SHSIGMAZLITHOTIME = 0 SSCOLDS/ THIYO =3

6THAX1 =9 IPLELE T/ THCY] =.4E1847/7H021 =94E18eT7/THAVX]
TA4EIBT/THOVY]1  =94518,T/THOV ©  =eAE1BT/THADETA =4+4£18.7)

XTM=CET11#XEM+CETI2¥YEM+CET13%2EM

; ) YTM4=CET21*XEM+CET225YEM4CET23% 2EM

' . 2TM=CET3IXXEM+CETI2HYEMICETIZ>2EN
VXTM=CET11%VXEM+CET12#VYEM+CET13#V2EM
VYTHM=CET21*VXEM+CET225VYEM+CET23#VZEM
VZTM=CET31*%VXEM+ CET325VYEM+CETI3#V2EM
CALL CONMPAR
CALL OUTPUT 5
®K=T

. ;e RETURN

: END

56
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. SIBFTC KALM, ) 5
: . C X . 1IX1) STATE VECTOR (TANGENT PLANE) : {
C 2 (4X1) VECTOR OF JBSERVABLES ;
C K 17Xx4) FILTER GAIN MATRIX !
. < = (6X4)  MEASUREMENT NOISE COVARIANCE MATRIX !
C PE (7%x7) FILTER ESTIMATION COVARIANCE MATRIX. .
C PP (Ix7) FILTER PREDICTION COVARIANCE MATRIX !
C PHI (IX7). STATE TRANSITION MATRIX ) i
C PHIT (7X7) - TRANSPOSE OF STATE TRAMSITION MATRIX
c F (71x7) SYSTEM DESCRIPTION MATRIX
C DXEST  (7X1) VECTOR OF OPTIMAL ESTIMATION OF ERRORS IN STARES
C CET (3x3) DIRECTION COSINES ~(EARTH-TO-TARGRT)
C CAE (3%x3) “ DIRECTION COSIHMES (AIRPLANE-TO EARTH)
C Cal (3x3) - DIRECTION COSIAES (AIRPLANE-TC TARGET)
C PADTT  (TIX7) . SCRATCH PAD
C PADTL  (7X4) SCRATCH PAD
SUBROUTIANE KALMAT -
CoMMO C1556) '
INTEGER PGCNT ™™ . -
REAL KA(Ts43sM004145 48046 | !

DIMZNSIC, XOT3sZ(61sCVI2)ePF " ToT)oPP(2RY+PHI(ToT)+sPHIT(TsT)oRITYo
IFET 9T ) o UXESTITISCET (3033 9CAEC303)sCAT(393)19PADTTITo7)ePADTALT 4]y
2PETGLT o6 ) o PADLTIE ¢ T)eGIL10)sALT)HN(3)

ECUIVALTNCE {CIC31+CET 10(CLO4)) sCAE 12(CLO51) +CAT | B
1CLCT0Y 92 12 (CUCET) 2 EL 3+ (CLOSC)SRA 191C1100) 4RR | 1 E
21C114139X JolTU161)+OXEST 19(CL157)92 1o (CU173) K b
3(CL201)»F Yo(CH2513,041 131003011 9PE 19 (C(351) 4R |
4(CICC3YeDT 12 (Ci010)4DT2 1olCE011) sRE, 12 (CI130) VP )e i
S(CU361)eMusL * P9iCi30Z)sbiad 1o8C83035 00058 T35 0CL1T2) 4D To . i

6LCUL4D+EBETA 19(C(128) 4P 19(CLL88)sPGCNT 19 {C1401) PP | X
TLCL168)9SIGAZ ¥9(CE169)9SIGEL 19(C(17CI+SIGRA 19 (C(1T71)+SIGRR ),
BUCII3TIoGAMMA 19(C(015]) +5PS 19(CI138)+SEPR 19 (C(139)SEPV ),
9(C(148) 9K 1o 0CL149) 9V ) .
1 2 (C(955) ¢ SEPR]1 194C(956) sSEPV] )
DT2=DT#DT1/2.0
_SIGR2=SIGRR*S IGRR
EPS2=EPS*EPS
" X4T71=1.0/EBETA
RETURN
ENTRY KALMAN

COMPUTE THE SYSTEM DESCRIPTION MATRIX -~ F

CALL SDM ' 13
COMPUTZ STATE TRANSITION MATRIX - PHI AND PHIT ]

AN AN

CALL MPRD(F oF oPADTT9T7+790+0+7) .
DO 11 1=147 .
DC 10 J=1,7
10 PRICI s JI=F{1eJ1%DT4+PADTT (] 3)V5DT2
11 'PHI(L+1)=1.04PHI(Is])
CALL MYIRA(PHI oPHIT 974740}

UPDATE FILTE2 ESTIMATION COVARIANCE MATRIX - PE

NnNAN

CALL MPRDIPHI +PPsPADT 797970019 ™)
. CALL MPRDI(PADTTsPHITsPE2T74790+0+7)
) ) DO 15 1=1,7
15 PECT+1)=PECIST)4R(T)
OzDETI(PELT)
IF(D.EQ.0.,0) WRITE(6+600)
600 FORMAT(1IHA»10XslOrinssasnsunsan, |0Xs35HSTATE COVARIANCE MATRIX IS SIN
JGULAR  510Xs10HSSESFENERR) .

UPDATE MEASUREMENRT MATRIX - M

[aXalal

SA=SIN(A2)
: CA=COS(AZ)
SE=SIN(EL)
CE=COS(EL)
CRAY=CE*CA
CRA2=~CE#SA

-
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{RA3=SE

CALL NPRD{CETsCAEsCAT$30300+0+3)
Mea=CAT(2s1)#CRAL4CAT(192) 8CRA2+CAT(1+3)%CRA3
Me5=CAT(2+1)CRALI+CAT(2+2)%CRA24CAT(2+3)5CRA3
$e6=CAT(391)#CRALIHCAT(3¢2)#CRA24CAT(393)7CRA3

CALCULATE THE MEASUREMENT NOISE COVARIANCE MATRIX - C

RSIGA=RASSIGAZ =

RSIGE=RA®SIGEL

W{11=CRAZ*RSIGA-SE¥CA*RS]IGE RAI*SIGRA .
W(2)=-CRA1IXRSIGA+SEXSA*RSIGE+CRA2#SIGRA .

Wi3)=CE*RSIGE+SE*SIGRA
CALL MPRDICAT»¥2(V1213+0+0+1)

COMPUTE FILTER GAIN BATRIX - K .

DO 20 1=1+7

ACL)=MELEPE(L o 1) 484 2PE(Ss 11 +MLOEPE(69]) -
Q(1)=PELYed)+CVI1)>CVI(])

Q(23=PE(142)+CV(])2CVI2)

QU3)=PE(2+231+CVI2)2CV(2)

QU&)=PE(1+3)+CVI1)=CVI3)

QU5)=PE(2+3)+C¥(2)%C(V{3)

QE6)=PE(333)+CV(3)5C(V(3)

QL 7y=2(1})

Q(e)=al2) :
Q(%)=A(3) .
0(10)=HaLXAL &) +MLS5EA (5 )4145%A(6)

CALL SIRV (Q9e491.0E~C5,1ER)

DO 22 I=1,7

DO 21 J=1,3

PADTALT2J)=PE(]sJ) ,
PADTA(Is4)=A(])

CALL HPRD{PADT490sPPT49T44303144)

CALL NTRA(PADT4sPAD4T3T794+0)

CALL MPRD(PPT4+PADAT sPADT 73T 3490+007)
PADT4({1s1)=PADT6{1»1)4+EPS

PADT4(2+2)=PADT&(2+2)+EPS

PADT4(353)=PADT4(353)4EPS

PADTA(&94)=PADT& (44 ) +M4L2EPS «
PADTL(S5+4)=PADTH (54 )+ MASHEPS
PADT&R(694)=PADTA (694 ) +ML&62EPS

CALL MPRD(PADT4+QsK3T94909194)

L=t ]

UPDATE FILTER PREDICTION COVARIANCE MATRIX

PO 30 =136

PPL1)=0(1)REPS2 - ' .

PO 31 I=Ts10 .

PPLI=0(1) XMAL*EPS2 .

J=1+4

PPLII=Q(1 I *ML52EPS2 R

KK=1+49 .

PPIKX)=QUI ) #M4EREPS2

PP(10)=PP(10)*M4b .

PPI15)=PP(14) #M45 )
PPL1A)=PP(14)RN44

PP(21)=PP(19)2MAG '
PP(20)=PP(19)¥M45

PPL19)=PP{19)2M44

DO 32 1=22+28

PP(11=0.0

KK=1

DO 33 J=17

00 .33 1=1sJ L
ppikkjzdplic)+bel1es3-PADTTLT i) ‘

KK=KK+1
SEPR=SQRTIPP(1)2PP(1)4+PP (3 )PP (3)14PP(6)%PP(6))
SEPR1=SQRTIPP{1)+PP(3)+PP(6))
SEPV=SQRT(PP(10) PP (10)+PP(15)%PP(15)+PP(2]1)%PP(21))
SEPV1=SORT(PP(10)+PP{15)+PP(21))
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INTEGRATE THE EQUATIONS OF MOTION
2 N
CALL TRAJX

CALCULATE OPTIMUM ESTIMATE OF ERRORS IN STATES .

AN AN

REHP=RE+HP
2€1)=X(1)-M4a4 RA~CAT (13 ) SREHP
Z12)=X12)1~-Me52RA-CAT (253 ) 4REHP

2(3)=X{3)-F462RA-CAT (343 )5REHP *
204)=MabeX (4 )+MO58X(5)vHab8X(6)-VP* (CRALI%COSIGAMMA ) +SE®SIN(GAMMA) )
1-RR ‘ :

CALL MPRDIKosZ+oDXEST sT70400+001)

UPDATE STATES

(2 XaXa)

DO 40 I=1,7

40 X(I11=X(1}~DXEST(])
H=SORT(X(1)2X(2)+X{21#X(23+X(3)2X{3))-RE
V=SORTIX(LI*XI4)4X(5)*XA5)1+X(6)%X(6))
ECETA=1.0/%(T) .
RETURN .0 -
EnD

o
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SIBFTC SOM. DECK
C

A -

SUBROUTINE SDM
~ COMMON C(999)
- REAL MU s, .
- DIMENSION F(7¢7) N
EQUIVALENCE - (C(011) +RE 194CLO22) oMUY
1 . (C1413eX 1 2(CUL42) oY
2 (CL144) yvX 10(C(145)5vY
3. (CL147) 9ALPHA 3+(C(013)sWIE
A ) 1C1021) 4WX 12(CU022) sWY
R=SORT(X*X+YNY+2%2)
V=SORT{VXPVX+VY#VY4VI&V2) .
" G=MU/R%%3  °

HeR-RE R

5 CALL KTMOS (HsRHO»PRHO)
. D=0eS*RHOZVAALPHA .
T1=3.0%G/ (R¥R) ~

T2=DEPRHO/ (RHOXR) - s

oT3=D/(VHV)
Tou~D/ALPHA s
TX=T1#X-T2¢ VX
TX3=T35VK
Flbs1)==GHTXRX-WXRHX 441 E2
Flho2F=  TXRY-WXWWY .
Fléed)s  TXEZ-WXAWZ
Fhoh)e=D=TX3¥VX
FlesSie ~TX38VY42,0%W2
Floob)s ~TX3HVZ~2,0%NWY .

% FlesT)aTasvX .
TY=T15Y-T28VY
TY3=T38VY :
F(Sel)s  TYX-WX¥NWY
F(592)2=GHTY#Y-WYRNY+WIE2
F(5¢3)=  TY#Z-WYSWZ
F(5ek)s  =TY3¥VX~2,0%W2
F(5¢5)m-D-TYISVY °
F(Ss6)= ~TY32VZ42.0%WX -
F(59T)=TLtVY '
T2=T142-T28v2
123=T3%vZ R
Fl6ol)s  TZEX-WX*WZ
F(692)=  TZRY-WY#WZ
F(693) =G+ TZRZ-WZHMZ+WIE2
F(6sh)= =TZ35VX42.05WY
F(695)= =TZ3%VY~2.0%WX
F(6+6)>-D=TZ3%V2
F(697)=T4aV2Z
RETURN .
END

<

192(C(201)»F
19(CE143) 42
§2(CUL248),V2
124C(014) oWIE2

_ Vel CH023) 4u2

C SUBROULTINE SDM CO“PUTEi.iHE SYSTEM DESCRIPTION MATRIX FOR KALMAK FILTER
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INTEGRATION ROU{INE FOR KALMAN FHETCR TRAJECTORY i ,
DOUBLE PRECISION RUHGE-KUTYA N -

annn

SUBROUTINE TRAJK
¢ COMMON C(999)- . .
o . ,EOUL{ALENCE 1CI005) T 1o (CL003) st )
. (C(141) 90X 190(CE151)XD )
DIMENSION XN(6)oX(6)eXD(6)
: DOUBLE PRECISION XN»C1(6)9C2(6)4C3(6}
DO 1 I=146
XN(11=DELE(X(I)) - B : ) .
{3 ’ . -
- CALL DERX .
DD 2 1=146 .
L =H=XDITY . - .
S XNCT)=XKOT)+a5DCAEL () o y
2 r¢1)=<~sL|>u(1):, .
- T=TC+45i1 N . .
? CALL DEing ’ .
DO 3 j=14%" ’
C2U1)=HEyui1)®
XNOEY=X(] 14,5022 (C2(1)~CA{1)Y
© 3 X(1)=SHILIXN(D))
CALL DERn .
s D0 & 1146
€ NI=HAADI T .
. XN(I)=XH(I)+C3(1)~.5D02C211) ’
& X(I)=SHGLIXNCTDY ) -
. TeTC4H PRty
. CALL DERK o - a
00 5 1=1,6
. xu(x»-xh(l)-catl»+.16666666666566661s(t1(1)+z.oo*(c2(1)+c3(l)t
1eHEXT(1)) fon ,
$ X(3)=SNGL(XN(1))
RETURN . ‘
END ) .

SIBFTC DERK. + DECK

<)

C ) o
- €~ SUBROUTINE DERK PROVIDES THE QERIVATIVE LIST FOR rn; INTERGRATION
4 "ROUTINE IN KALMAN FILTER - TANGENT PLANE
C
’ svsnourlne DERK
. COMMON C(999)
. REAL MU . -
. EQUIVALENCE (ClL141)0X 10(CC162)0Y 19(C143) 42 )e -
B! (CL144) VX 1o(CL1A5) VY 150CL146)9VZ )
2 1CC1AT) sALPHA 14(C{011)RE ) ’ .
3 (CL021) oWX 1o (C(022) o WY 19(C5023) 0¥2 b ‘ \
S s 1C1012) oMU 1o8CLO13)sWIE  104CI014)9WIE2 ),
L) (CL15%1)4%XD 1¢(Ci152),YD 15(C(153)+20 | X
. ¢ ! (C156)9VXD  Ds(CI155I,VYD )9 (CE15634sV2ZD )
ReSORT (X +YEY4242) o .
v-scax(vxnvxovv-vv+v2tvz)’
) G=MU/ (R#83)
. _H=R=-RE ’
CALL Atnoscu.kno-GAMA)
0=0.5#RHO  SVIALPHA R
. suu-wx-x+VViv+wz-z
. © XDsvX *
. YOsVY -
20=v2
‘ vxo--ctx-o'vx-z.o-cwv:vz-uz-vvn-wx!suuoxiuxez
. VYD==-GRY-DIVY-2,0% (WZ¥VX-WXFVZ ) -NYSSUM+YSN]E2
VID=-G#Z~DIVZ~2,0% {WXSVY-WYRVX ) -WZHSUM+ZFWIE2
‘ RETURN
’ | END . -
2
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S1BFTC PREDC. DECK

SUBROUTINKE PREDIC GEHERATES PREDICTED VALUES OF POSITION
FROM THE PRESENT TIME '~ T - TO THE FINAL TIME ~-TF

. SUBROUTINE PRED1]
COHMOK C(999)

COMVON/PREDC/AAL50094) s AETLB054 ) s ACI20044)

INTEGER PKOURT .

DIMENSION XK(T)oXP(T7)+KOUNT(3)
EQUIVALERCE (CLO01) s TIHE

121CI002),TF 1910C(003),DT )y

§C(982) sKOURT 19 (CITES),T 19 (C(966 ¥ 1P 1y

b}
2 (CL141) XK

JIF(HPLT.DTY HP=DT

PROUNT=1

RETURY

ENTRY PREDIC

J=1 .

T=TIKE

D0 1 1=1,7
1 XP(1)=xK(1)

CALL TRAJF!

GO TO (355:7)sPKOUNT
2 J=J+i

CALL TRAJP

GO TO (345471 oPKOURT

‘COMPUTE PREDICTION —~A-
T .

3 AA(Je))=T

DO & K=294
& AA(SK)=XP(K~1)
.60 TO 9 '

GOMPUTE PREDICTION -B-

5 AB(Js1)=T
D0 6 Ks244

6 AB(JsK)=XP(K-1)
G109 -

COMPUTE PREDICTION ~C-

7 ACIJ01)=T
DO 8 K=244
8 ACIJsK)=XP(K-1)
9 IF(TLT.TF) GO TO 2
© KOUNT(PKOUNT)=S -
PKOUNT=PKOUNT+1
RETURN -
END

P

Yo lC(967)4XP 19(C1016) sPROUNT)
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SIBFTC TRAJP. DECK i

INTEGRATION ROUTINE FOR THE FREDICTION SUBROUTINE
ADAMS-BASHFORTH - ADAMS~MOULTOM PREDICTOR-CORRECTOR WITH RUNGE-RUTTA

[aXaKaYa)

SUBROUTIRE TRAJPI .
COMMON C(999)
DOUBLE PRECISION o
DIMENSION D(695)sW(6+5)sY(5)2YD(6)
EQUIVALENCE 1C(986) oH 12(C1985) 92X 19(C(987) Y )
1 1C(994)5YD )
DATA M/6/ :
K=0
K220
DO 10 I=1sM
10 W(1,19=DILE(Y(I))
CALL DERP
D0 1 1=1:6
1 DI1+5)=YDLI
RETURN
ENTRY TRAJP
40  XC=X
IF (KeKE.O) IF (K-2) 509563110
XP=XC
DO 45 1=1sM
45 WiTe5)=t{]sl)
80 Kicz4-K . i
03 70 1=1,¥ . -
DO 60 J=K1 ¢4
60 D(I1+31=D(1sJ+1)
W(1e2)=HED(1,4)
WTsd1=W(Te1)+.5D0%W (12} .
70 Y(1)=SHOLIK(T91))
X*XC#.!'*H
CALL DERP
DO 2 1=146
2 D(1+5)=YD(])
00 80 I=1,M -
N(I43)=HED(],5) '
: Illol)‘H(l-l)+.5Do*(U(lo3)~H(lo2)l
80 Y(I)=SNGLIW(Is2))
N CALL DERP
00 3 I=146
3 D(1+5)=YD(])
DO 90 I=1,M .
WiIsh)=HIDIT,S) >
C WEEe11EW(T51)4+W (194 )-.500%W(1+3)
90  Y(I)=SHGLIW(Is1))

e X=XC4H M
N CALL DERP *
DO 4 A=146

& D(1+5)=YD(])
00 100 [=1,¥¢
WCle21=WlTs1)~W(1s6)4,1666656666566666TFIN(1s2)42.00%(M(Is3)4W 104
11)44¥D{1s5))
100 Y(I)=SKGLIW(I+1)}
K=r+1
K1=K .
CALL DERP e
Y . D0 5 I»1s6
’ 5 D(1s5)=YD(]) .
’ RETURN
110 00 130 I=1,M
Wile29=H(1Is1)
DO 120 J=1+4
120 D(1+J)2D(1sJ¢1}
Wi163)=Wl142)404166666666666666TD~1%HY{55.5D(1,4)~59.8D(153)437.%0
» 1(1921-9.5D(1,11) . .
130 Y(1)=SKGLIW{]s3))
X=XC+H
CALL DERP
00 6 1=1+6
6 DILT+5)=YD(1)
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. DO 140 1=1.M
: Wlls))=W(]92)+e4166666666666666TD~1%HE(I¥D(1+51419.4D(1+4)-5.5D(]
10304D(192))
23 140 Y(1)=SNGLAW(I41))
. . - CALL DERT
DO 7 1=14+6
3 7 DU1,5)=YD(1)
9 RETURN
! END

PSR-

-

$1BFTC DERTs  DECK

SUBROUTINE DERT PROVIDES THE DE VATIVé LIST FOR THE INTEGRATION
ROUTINE FOR THE REFERENCE TRAJECYORY -~ EARTH COORDINATES

[aNaNa¥al

SUBROUTINE DERT
COMMON C(999)

VXD=-GEX-DEVX+2 O JIESVY+XEJIE2
VYD=-GEY-DE¥VY--2,0*WIERVX+YRWIE2

V20=~G#Z-D¥VvZ
RETURN
END

’—//

—— e ——

64

. REAL MU '
EQUIVALENCE (C1101)+X 10(C€102) Y 19(C(103)+2 | )
1 {CL104)sVX 10(C(105) VY 19(CE106) V2 1 X
' 2 $CLI0TIIBETA 39(C(011)4RE 1 X
3 (C(021)sWX 1e(CLO22) WY 19 (CE023) 92 I}
A (C(012) sMU 39(CIO13)sWIE 19 (C1014)sWIEZ )y
5 (CE111)eXD 12(C(112)sYD 190C(113) 42D |
[ , (CL1143sVXD - )9lCI(115)VYD $9(CL116)9VZD 1}
R=SORT(XEX+YSY4+2%2)
. V*SORJ(VX*VX+VY§VY+VZ'VZ)
G=MU/ (R#%3) .
H=R~-RE ~
- CALL ATMOS(H,RHO9GAMA)
D=0,5¥RHO*V/BETA
XD=vX
YD=vY
20=VvZ
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$1BFTC COMPR, DECK

[a X a XA Yol

(a¥aYal AN [aNaXal NAAN

[aXaYa)

SUBROUTINE COMPAR COHPUTES THE DIFFLAENCE BETWEEN THE ACTUAL VALUES
OF POSITION AND VELOCITY ARD THE ESTL.iED AND PREDICTED VALUES

&
SUBROUTINE COMPAL .
COMMON C{999)
COMMOR/PREDC/AALS50004) s ABI400+4) s ACIZ22, %)
COMMON/CALCOM/TT(T00) sDRITO0) o PORUTSZ s OVITO0Y 9PDVITO0) sEBL(TO0) 9]
ITALSCO) +PDRA(S5C0) 99 TBI4OO) »PORBI4LDUY . #TCI300)sPDRCI300) 9K

INTEGER PKOUNT . }

EQUIVALENCE (CI12039XTM 19(CU122) YTV 12(CL122)2TH 1
JUCEL107)o3ETA Do (CUI23D9VXTM Do lCL1Z-7,YTil Do lCUL25)eVZTH )
2 (CELAZ)LEXTIE 35 (CLI%23H NYTH " 1>(C(143)4EZTM )y
3(((140),[ﬁETA Do 0C14AT s EVXTY 1ol Cit Lo yTi 19 {C(24E)SsEVZTH )y

(C1024) sDELX ):(Cltazi;q LY ) (CUD2€)9DELZ )y
5(((030)-DB£1A Yo lCUO2T7) s LELNY 3o (CHUCTT, 0 LLVY 192 8CI029)eDELVE 1}

6 (CU118)4DELK Dot CH: ,),us'V Yo {C(016) sPAOUNT Y |
7 (C(97o)oD”LFRP)9”(?“"‘-"”"P 19 8C(2T3)+DELPRCY
8 (CE13819SEPR Do lCh3™- 13282y 3s{CI001) T }
DTH=0,005 ‘
1=0
J=0
K=0
. L=0
RETURN

ENTRY COIPAR
COMPUTE ERRORS IN ESTIHATION

DELX=EXTM=XTH
DELY=EYTH-YTH

DELZ=EZTM-2TM

DELVX=EVXTM=VXTH

DELVY=EVYTH-VYTM

DELVZ*EVZTM-VZTM

DELR=SQRT ( DELX*DELX+DELY#DELY+DELZ*DELZ).
DELV=SORT (DELVX#DELVX+DELVYSDELVY+DELVZ#DELVZ)
DBETA>EBETA-BETA

LOAD ARRAYS FOR PLOTTING

I=1+1

Tr(1)=Y

OR(1)=DELR

OVII)=DELY °
EB(JI=EBETA ’
GO TO (7+5¢351)+PKOUNT

COMPUTE ERRORS IN PREDICTION —C-

L=L+1l

DIFF=T-AC(Ls1)

SFIABS(DIFF).GT.DIH) GO TO 2 .
DELPRC=SORTL(ACILs2)-XTM) R824 (ACIL 93 1-YTI4) 222+ (AC(iLs8)=-2TM)572)
LOAD ARRAYS FOR PLOTTING

Tl =7

PORCIL)=DELPRC

I (DIFF+GT+0,0) GO TO 1

COMPUTE ERRORS IN PREDICTION -B-

K=K+1

DIFF=T-AB(Ks1)

IF(ABS(DIFF)GToDTH) GO TO 4
DELPRB=SORT((ABIKs2)-XTH) #5824 (AB(Ks3)-YTH) 2224 (AB(Ke#h)~2TH)#82)
LOAD ARRAYS FOR PLOYTING

18(K) =T

PORB(K)=DELPRB

IFIDIFF.GT.0.0) GO TO 3

COMPUTE ERRORS [N PREDICTION »-A-
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5 J=J+l
DIFF=Y-AA(Js])
IF(ABS(DIFF) ,GT,DTH) GO TO 6
DELPPA= SORT((&A(JvZ)-XTM)*’Z+(AA(J.3)-Y?M)**2+(kAlJo4)—ZIH)*'2)
C LOAD ARRAYS FOR PLOTTING
TA(I) =Y
PDRA(JS1=DELPRA
6 IF(DIFF+GT«0,0) GO TO 5
7 RETURN
END
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$IBFTC KOISE. DECK

C
C
C

SUBROUTINE NOISE GENERATES GAUSSIAN NOISE

SUBROUTINE KOISEI .
COMMON C(999)

INTEGER RNDOMRO(S51+1X(5)

EQUIVALENCE (CL490) sNORNDM) » (C(491) +RKDMNO) ¢ (C(003) »DT )
1F (NORKDM.£Q,0) RETURN

DO 1 I=1sNORNDM

J=RNDMNO( 1)

JFICIU42)eLEL0.0) ClI+2)x0,0000001
CltI+31=2,T1E2818%%(~-DT/C(I+2}))
ClI+46)=CLI+1 )+ SART(1,0-C1I+3312C(J+3))

IX1=C(J)

CALL RANDULIXIo1YsV)

IX{1y=1Y

ClJI+6)=ClI+1)5V

RETURN .

ENTRY NGISE

IF(NGIRDMeEQ.0) RETUXN

DO 2 1=1sNCHLLODM

J=REDIGI0(1)

IXI=IX(1)

SUM=0.0

00 3 K=14512

CALL RAKDULIX1s1Y,sV)

IXi=1v

SUK=SU4+V -

X=SUM-6.0

IX(1y=1X] o
ClJI45)=CLI+6)
ClI+61=ClI+4)2X+C(I+3)RC(J+5)
RETURN

END

67
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SIBFTC RANDU. DECK RANOUOSO
RANDUOCI:
$0000000000000000000000000000000000000c00c000sosscvcsnsscccsssorseRANDUDCZ.
RARDUOGS .
SUBROUTINE RANDU ’ RANDUGCS

‘ RARDUGCS *

PYRPOSE RANDUGCS *

COMPUTES UNIFORMLY DISTRIBUTED RANDOM REAL KUNMBERS BLTWEER RANDUOST
O AND 1,0 AND RANOOM INTEGERS BETWEEN ZERO AND *RANDUOCS *

2%%3]1, EACH ENTRY USES AS INPUT AN INTEGER RAKDOM NUMBER RANDUGCS

-AND PRODUCES A NEW INTEGER AND REAL RARDOM NUKSER. RANDUOLC

RANDUO11

USAGE RANDUO1Z

CALL RANOU(IXs1YsYFL) RANDUO12

. RANDUG I &

DESCRIPTION OF PARAMETERS RANDUC:5

IX = FOR THE FIRST ENTRY THIS MUST COWTAIN ANY ODD INTEGER RANDUO1S ~
NUMEER WITH NRINE OR LESS DIGITS, AFTER THE FIRST ENTRYsRANDYGLT
* IX SHOULD BE THE PREVIOUS VALUE OF 1Y COMPUTED BY THIS RANDUOIS
SUBROUTINE. RAKDUO19
IY = A RESULTANT IRTEGER RANDOM NUMBER REGUIRED FOR THE NEXTRAKDUJ2C
ENTRY TO THIS SUBROUTIRE. THE RANGE OF THIS NUMBER IS RANDUOZI

ﬂﬂﬁﬂﬂﬂﬂﬂﬂﬁﬂﬂﬁﬂﬂﬂﬂﬁhﬂﬂﬂhﬁﬂﬁﬁﬂﬂﬂﬂﬁﬁﬁﬂﬂﬂﬁﬂ

BETWEEN ZERO ARD 23%3] RANDUO2Z

YFL- THE RESULTANT UNIFORNLY DISTRIBUTEDs FLOATING POINTs * RANDUCZS
RANCO!M NUMBER IN THE RANG. 0 TO 1.0 RANDUGZL
RARDUO25

REMARKS . . RANDUO2E
THIS SUSBROUTINE 15 SPECIFIC TO SYSTEM/360 - RANDUO2T
THIS SUBROUTINE WILL PRODUCE 2%##29 TERMS RANDUO28
BEFORE REPEATING RANDUO29
RANDUO30

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED RANDUO31
NONE RAKDUO32
RANDUO33

METHOD o RANDUO34
POWER RESIDUE METHOD DISCUSSED IN I8M MANUAL C20-8011» RANDUO35
RANDOM NUMBER GENERATION. AND TESTING RANDUO36
RANDUO3T
..............I‘.......‘..............'.....I....l.....‘..........mbuo3s
RANDUO39

SUBROUTINE RANDU(IX»1Y,YFL)

1Y=1X%262147

IFC(IYelTa0) 1Y=(1Y4+34359738367)+1

YFL=1Y

YFL=YFL#,29103383046E~-10

RETURN .

END )
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$18FTC ATMOS. OECK

f\ﬂﬂﬂﬂﬁﬁﬁﬂﬂﬂﬂﬁﬁf\ﬂnf\nﬂﬁﬂﬂﬂf\ﬂﬂﬂﬁﬂﬁf\ﬁﬂf\ﬂﬂﬁﬂﬂﬂﬂﬂﬁﬂﬂﬂﬁﬂﬂﬁﬂhhﬁﬂﬁﬁﬂﬁﬁﬂhhhh [aXa¥a¥aXaXa)

SUBROUTINE ATMOS PROVIDES AIF DENSITY AND RATE-OF~-CHANGE OF AIR DENSITY AS
A FUNCTION OF ALTITYUDEs AIR DENSITY 1S ACCURATE TO WITHIN 2.0 PER-CENT
OVER AN ALTITUDE RANGE OF =~10»000 FEET YO ¢25000,000 FEET AND TO WITHIN
042 PER-CEHT IN THE RANGE ~-1,000 FEET TO 40,000 FEET. - INTERPO_ATION IS
LINEAR. TABLE ENTRIES ARE FROM THE 1959 ARDC MODEL ATMOSPHERE.

-10,000 FEET 1,0150 E£-01 LBS/CUFTe
-5,000 FEET 8.8310 E-02 LBS/CU.FT.
~1+000 FEET 7.6738 E-02 LBS/CU+FTe
STA LIVEL 7:6475 E-02 LBS/CUFTe
1,000 FEET 744262 E=02 LBS/CULFT.
20000 FEET 742099 E-02Z LBS/CUFT.
45000 FEET 67918 E-02 LBS/CUFTe
6,060 FEET 643926 E-02 LBS/CUFT,
8,000 FEET 6.0116 E€-02 LBS/CUFT.
10,000 FEET 5,6483 E-02 LBS/CUFT.
12,000 FEET 5.3022 E-02 LBS/CU.FT. -
164000 FEET 4.9725 E-02 LBS/CUFT,
16.000 FEET 4e658y £-02 LBS/CUFT.
18,050 FEET £,3606 €-02 LBS/CUFT,
20,000 FECT 4.0773 £-02 LBS/CU.FT.
22,000 FEET 3,8063 E-02 LBS/CUFT.
26,000 FEETY 3,5531 E-02 LBS/CU.FT.
264000 FEET 23,3112 E-02 LBS/CUFT.
28,050 FEET 3.0823 E-02 LBS/CUFT.
309000 FEET 28657 €-02 LBS/CU.FT. .
32,000 FEET 206609 E~02 LBS/CUFTe
3643000 FEET 2.4676 E-02 LBS/CUFT.
36+000 FEET 2,2852 E-02 LBS/CU.FT.
38,000 FEET 2,079 E-02 LBS/CUFTe
40,000 FEETY 1.8895 E-02 LBS/CUFT.
45,000 FEET 1.4873 E-02 LBS/CU.FT.
50,000 FEET 1.1709 E-02 LBS/CUFTe
55,000 FEET 902185 E-03 LBS/CUFT.
60,000 FEET 702588 E-03 LBS/CU+FT.
659000 FEET 5,7164 E-03 LBS/CUFTe
7050004 -FEET—  4.5022 E-03 LBS/CUFT.
75,000 FEET 3.5663 E-03 LBS/CU.FTe
80,000 FEEY 247937 €-03 LBS/CU.FTe
85,000 FEET 2.1784 E-03 LBS/CUFTe
90,000 FEETY 1.6901 E~03 LBS/CULFT.
954000 FEET 1.3182 E-03 LBS/CUFT.
100,000 FEET 1.,0332 E-~03 LBS/CU.FT.
110,000 FEET  6.4392 E~04 LBS/CU.FT.
120,000 FEET  4.,0851 E-04 LBS/CU.FTe
130,000 FEET 266349 E-0&k LBS/CULFT.
140,000 FEET 17258 E-04 LBS/CUFTe .
150,000 FEET _1.i468 E-04 LBS/CU.FT. )
160,000 FEET [ 7.8276 €-05 ' LBS/CULFT.
1704000 FEETS Seh467 E-05 LBS/CU.FT.
180,000 FEEV  3.8700 E-05 LBS/CUFT.
1904060 FEE} 2.7836 E-05 LBS/CUFT.
2004690 FEET 149586 €-05 LBS/CUFT.
2105000 FEET 143659 €-05 LBS/CUFTe
220,000 FEEY 9.2807 €-06 LBS/CULFT.
230,000 FEETY 641583 E~06 LBS/CUFT.
2404000 FEET 3.9784 E-06 LBS/CU.FT.
2504000 FEET 2.493  E-06 LBS/CU.FT.
2605000 FEET 1.508 E-06 LBS/CUFTe
270,000 FEET 8343  €~07 LBS/CU.FT.
280,000 FEET 40522 E-07 LBS/CU.FTe
290,000 FEETY 2.453 E-07 ULBS/CU.FT.
300,000 FEET 1e327 E~07 LBS/CUFT.
3100000 FEET . 6+880 E~08 LBS/CU.FTe.
. 320,000 FEEY 3,724 EMOE CBSICU.EY.
330,000 FEET 2,093 £~08 LBS/CU.FT.
340,000 FEEY 1.216 E-08 LBS/CU.FT, ‘
3504000 FEET 74282 E-09 L8BS/CUFT. -
2+000,000 FEET 0,000 LBS/CUFTe
THE AJR DENSITY ABOVE 2,000,000 FEET 1S ASSUMED TO BE ZERO,

-
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SUBROUTINE ATMOSI

DIMENSION PTABI(63)s ATAB(63)+GTAB(62)

DATA ATAB/~1e0E43~5.0E39~1e0E300.0E09140E392¢0E394.053964.0E3»
18,0E3901.0E44102E491¢8EL9)o6E49)eB8EA92.0E49202E402.4E40206E4
22,8E493.0E093,2C433.4E093.6E493.8E40400E494.5C405.0E49505E4,
36e0E416e5E61Te0E4sT¢e5E43B0E418e5EL1940EG99e5E491.0ES59141ES,

81 ,2E591e3E59104E59105E591e6E5910TES59108E591e9E59240E59261E5
52.:55-2-355.2.6E5'2o5£5¢2.6£5|2o7E502-8E592.9E5'300E503o1550
6342E593¢3E59344E593¢5E592.0E6/

DATA PTAB/140150E-01+848310E-G2+7, 87385-02.7-64755*0297;42625-020
17.2099E~02+6,7918E-02+643926E~02+60116E~02+546483E-029543022E~02¢
24,9T25E~0234.6589E~02+4+3606E~02+4e0TT3E~-0293.8083E-024345531E-02,
3343113E-02+03,0822€~-0292:8657€E~02326605E-02+2:46T6E-0202+,2852E-02 __,//
£2,0794E-029) 4 B895E~029144BT73E~029161705C2029e¢2185E-0257:2588E-03
55.T1645-039445022E~03+3450063E~0392eT937E-03+2e1784E~039146901E~03
6163182E-031)40332E~0326e4392E~0494e0851E~041266349E-049167258E-04 s
T1e1468E~0497482T0E-05454646TE~0513e87C0L-05+2¢7836E~-0591696E4E-05
81e3659E-059942807E~069641583E-0633¢9784E~059264930E-0641+50L0E~06
9843430E-070445220E-072264520E-0751¢3270E-07+6e8800E-0843.72405-08
12.0930E-08214021E0E-03+sT428205~05+0.0EC/ 1 M/1/

DO 10 151462

10 GIAB(I)=(PTAB(I+1)~-PTAZ(I)I/(ATAS(I+]1)-ATAS(]I))

RETURN

ERTRY ATMOS(HsRHOPRHO)

IF (B «GEes ATAB(E3)) GO TG 3 -

1 IF (H -~ ATABIM+11T 79204 "
2 RHO = PTAB(M+1) '
GO 10 9
RHO = 0.
PRHO=0.0
© GO TO0 9
& IF (H -~ ATAB(M+2)) B+6+5
5 M = M+l
GO 1O 4
6 M=M+1
7

w

60 T0 2

HeM-1 \

G0 10 1
3 RHO = PTAB{M+1) + {H -~ ATAB(N*I))I(ATAB(M+2) — ATAB(M+1))%(PTAB

1(M+2) - PTABIMNF]))

PRHO=GTAB(M+1) . L ]
9 RETURN

. END

70
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SIBFTC INPUT. DECK

<
<
C

6090
100
500

601

W N e

501
602

‘5

‘7

SUBROUTINE INPUT* - READS ALL INPUT DATA

SUBROUTINE IRPUT

COMMON C(999)

INTEGER OUTHO sRNDMNO(S)

DIMENSIOR ONAMEL(50)sONAME2( 501 sQUTNO(50) sL1STNOIS0) sVALLE(S0) o

EQUIVALENCE . €CI490) +NORNDM) 5 (CL499) s NGLIST) s (CU550540UT 3y
| (C(501) +»ONAMEL1) 9 (C1551) sONAME2) 9 {Z(4C2)2s3JTHNO )
2 (CL65119L1STNOY 2 (CUT01) o VALUE 10 (C(451) sRNDMNO)

$RITEL£,400)

FORMAT(1H1 94X JCHINPUT DATA//)

READ (53500} IRIIALPHALALPHA29ALPHAZ S IRZsVRIsVR2
FORMATII2+3A6,51545X32E1540) .
WRITE(H6+6C1) 1R12ALPHAY sALPHA24ALPHA3, IR2:VR19VR2
FORMAT(5X912,3A641595X91P2E15.7)

GO TO (1921244195+6)91R]

G0 10 1¢0 ,

GO 10 10C

C(IR?:-VR1 )

IF(VR2.EC. 0,0} GO TO 100 -
KROLIST=HOL1ST+1

LISTNO(KRCLISTYI=IR2

VALUE (KCLISTY=VK]

GO0 70 100

KOOUT =1:90UT+1

ONAMELINODUT ) =ALPHA2

ONAME2 (NGOUT ) =ALPHAS

QUTNO(NOOUT )= JR2

60 10 100

GO T0 100

IF(IR2,EQ,0) RETURN

D0 7 I=1»1R2

READ(595011 JoXsNAME] JNAME2+SIGMA9NAME3 s NAMES s TAU
FORMAT(I5+E156002A59E154092A59E15,0)

WRITE(6+602) JeXsNAMEL »MAME2 s SIGMA s NAME3 s NAMESG» TAU
FORMAT(5X0159F156392A591PEL56T92A551PELST) R
NORKDM=NORNDM+]

RNDMNO(I)=J -
CtJy=x

C(J+1)=SIGMA

CtJ42)=TAU

RETURN

END

71
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$1BFTC OUPTE. OECK

C

(4 SUBROUT INE OUTPUT -~ OUTPUTS DATA ,
C ‘

SUBROUTINE OUPT]

COMMON C(999)

INTEGER OTCNT o+PGCNT »OUTNO

DIMENSION ONAME1(50) sORAME2({ 501 +OUTNO(50)+B(50)

EQUIVALENCE (CL(001) T 19iCL004) sCPP 30(CC4B86)+PCNT )
16C(487)sDTCNT Do (CE488) sPGCNT )19 (CI4BF)s ITCHT 30(CI005)4DOC" Do
2(C(500) sNOOUT )4 (C15011 sONAMEL) 9 {CI551) 2sOHAKEZ) 9 (C(601) sOUTHO )

TTCNT = DOC + 1,0

PCHT = J~0,000003

PGCNT = 1

DTCHT = (KOOUT + &)/5

GO 10 100

ENTRY OUTPUT

100 IF(ITCNT4GT46) GO TO 1

ITCRT=TTCHT+1

WRITE (64+600) lloC(l)iC(l+ll'C(l*Z)oC(l*B)oC(144)9C(l+5)oC(l+6”
1 CU347991524547248) - .

600 FORKAT(IHL 85X 914HCO!MON LISTING/(1542X91PBEL56T))
< PGCHT=]

1 JIF{TLT.PCHT) RETURK
PCRT=PCNT+CHP
+ JF(PGCHT«NEL1Y GO TO 3

2 WRITE(69601) (ONAMEL(I120NENE2(1)+1=14MO0UT)

~601 FORMAT (1H1+5Xs&HTIMF 45Ns5(8Xs2A6)/ (23X.2A6-8X-2A6-8fs2A6,8x-

12A638X92A5) )

PGCNT=2%DTCNT+4

3 IF(PGCNT.GE.62) GO TO 2

00 & i=1,K00UT ]

J=OUTRO(I) .-

4 B(1)=C()) )

WRITE(69603) To(B(119151,K00UT)

603 FORMAT(///7/2%eF15T91P5E2067/(1TX91P5E20.7))

-PGCNT = PGCNT + DTICNT + & .

RETURN

END

:IBFTC RESET. DECK
€ SUBROUTINE RESET RESETS SELECT%p INPUT DATA FOR REPEATED RUNS,

SUBROUTINE RESET ! 4
t COMMON C(999) ’ :

EQUIVALENCE (C(499I¢HOL!SI3p(C(651DoLl$TNO)-(C(701)-VALUE )

DIMENSION LISTNO(50)»VALUE(50
J& (NOLIST .EQ. 0) RETURN
D0 i I = 1 NOLIST
J = LISTNO(I)
.. 1 CiJY = VALUELD)
RETUR” " <
END

™
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‘ !
$1BFTC MFSDO  DECK . i |
o MFSD 10 :
C 0000060000000000000000000000000000060000000008000000000nscccerscesMFSD 20 i {
C MFSD 30 i
C SUBROUTIKE MFSD . MFSD 40 |
4 . MNFSD 59._——-———*""' =
< < PURPOSE ————"""HFSD 60 i
C FACTOR A GIVEN SYMMETRIC POSITIVE DEFINITE KATRIX MFSD 70 !
C - MFSD 80 :
C USAGE * MFSD° 90
Cc CALL MFSDIAINIEPSHIER) . : MFSD 100
C ¢ i MFSD 110
C DESCRIPTION OF PARAMETERS MFSD 120
C A ~ UPPER TRIANGULAR PART OF THE ‘GIVEN SYMMETRIC MFSD 130
C . POSITIVE DEFINIYE N BY N COEFFICIENT MATRIX. MFSD 140 °
C ) . ON REJURN A CONTAINS THE RESULTANT UPPER MFSD 150 ’
C TRIANGULAR MATRIX. MFSD 160
//C N - THE NUI'BER OF ROWS (COLUMNS) IN GIVEN MATRIX. MFSD 170
N EPS - AN LIHPUT CONSTANT WHICH IS5 USED AS RELATIVE . MFSD 180 1
~ . TOLERANCE FOR TEST ON LOSS OF SIGNIFICANCE. . MFSD 190
1ER “ RESULTING ERROR PARAMETER CODED Aﬁ FOLLOHS MFSD 200
1ER-0 .- RO ERROR MFSD 21Q
- lER-—l - RO RESULT BECAUSE OF WRONG INPUT PARAME~ MFSD 220
- TER N OR BECAUSE SOME RADICAND IS NON-- MFSD 230 R
POSITIVE (MATRIX A 1S NOT POSITIVE MFSD 240
DEFINITEs POSSIBLY DUE TO LOSS OF SIGNI- MFSD 250
FICANCE) MFSD 260 °

1ER=K ~ WARNING VHICH IRDICATES LOSS OF SlGNlFl— MFSD 270
CANCE. THE RADICAND PORMED AT FACTORIZA- MFSD 280
TION STEP K+1 WAS STILL PCGSITIVE BUT KO MFSD 290

- . LONGER GREATER THAN ABS(EPS¥A(K+1sK+1))s MFSD 300
: . MFSD 310 . A
REMARKS MFSD 320 .

THE UPPER TRIANGULAR PART OF GIVEN MATRIX 1S ASSUMED TO BE MFSD 330
STORED COLUMNWISE IN N¥(N+1)/2 SUCCESSIVE STORAGE LOCATIONS.MFSD 340
IN THE SAME STORAGE LOCATIONS THE RESULTING UPPER TRIANGU~ MFSD 350

LAR MATRIX IS STORED COLUMNWISE 100. MFSD 360
THE PROCEDURE GIVES RESULTS IF N IS GREATER THAN 0 AND AL& ‘MFSD 370
CALCULATED RADICANDS: ARE POSITIVE, MFSD 380
“THE “PRODUCT OF RETURNED DIAGONAL TERMS IS EQUAL TO THE - ' MFSD 390 ,
SQUARE~-ROOT OF THE DETERMINANT OF THE GIVEN MATRIX. MFSD 400 ;
- MFSD 410
SUBROUTINES AND FUNCTION SUBPROGRAHS REQUIRED - MFSD 420
NONE “ . » " MFSD 430
¢ MFSD 440
METHOD MFSD 450 :
SOLUTION IS DONE US}NG THE SQUARE-ROOT HETHOD OF CHOLESKY. MFSD 460 :
o THE GIVEN MATRIX IS REPRESENTED AS PRODUCT OF TWO TRIANGULARMFSD AT0 :
TRICESs WHERE THE LEFT HAND FACTOR IS THE TRANSROSE OF " _MFSD 480 .
THE RETURNED RlGMT HAND FACTOR. - MFSD 490
! MFSD 500 :
. coooco&coooooon.nooa...oo-oooooloooo.c.o-o.ooc-oooc.ooo.coo-oocoooHFSD 510 :
o . MFSD 520 K
SUBROUTINE MFSD(A+NIEPSIER) . ) MFSD 530 |
.o MFSD 540
1 - ‘HFSD 550 !
— . DIMENSICM A1) . MFSD 560 !
2 "7~ - DOUBLE PRECISION DPIV,DSUM ‘ MFSD 570 .
C 0 MFSD 580 :
(4 TEST ON WRONG INPUT PARAMETER N MFSD 590. -
1F(N-1) 120191 . ' MFSD 600. .
i 1 1€ER=0 MFSD 610
1 < i MFSD 620 .
C INITIALIZE DIAGONAL-LOOP MFSD 630
KPIvV=0 - MFSD 640 ,
DO 11 K=1,N . . MFSD 650 : -
kpivexpivik . WFSD B6O
' ! INOsKPIV . MFSD 670, B
: LEND=K-1 . MFSD 680
, C . MFSD 690 ' :
€ - *“wu CALCULATE TOLERANCE = WFSD 700  ° )
. TOL=sABS(EPS®*A(KPIV)) ' MFSD 710
Y < . MFSD 7(:\\"/,
' 73 " g
F - -
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«

C START FACTORIZATION-LOOP OVER K-TH ROW WFSp 730
00 11 I=KsN MFSD 740
DSUM=0.D0 MFSD 750
$FELERD)Y 20442 KFSD, 160

(4 / NFSD 770"

c START INNER LOOP . . / MFSD 780

2 DO 3 L=1+LEHD e ; MFSD 7190
. LANF=KPIV-L £/ MFSD 800
' LIND=TND-L N ) #FSD 810

3 DSUM=DSUK+DELE (A(LAKF)SAILINDY) HFSp 820

C " END OF 1NNER LOOP HFSD 830

C MESD 840

C TRANSFORM ELEMENT A(IND) MFSD 850

4 DSUM=DBLE(ALIND))~DSUM , MFSD 860

1FLI-K) 10s5.10 ] NFSD 870

C " - KFSD 880

(4 JEST FOR NEGATIVE PIVOT ELEMENT AND FOR LOSS OF SICGNIFICAHCE  MFSD 890

5 IFISNGLIDS 'M)~TOLY 69649 NFSD 900

6 IF(DSUM) 1221297 . MFSD 910

7 1F(IERY 89849~ i / MWFSD 920

8 1ER=K~) / , 7 MFSD 930 °

c * . VFSD 940

C COMPUTE PIVOT ELEMERT . . ) - HFSD 950

’ 9 DPIV=DSORT (DS - MFSD 960
A(KPIV)=DPIV ‘ : - HFSD 970 -
DPIV=1.D0/DPIV MFSD 920
GO .70 11 o . MFSD 990

C . o . . . MFSD1000

C .CALCULATE TERMS IHl KOW, . MFSD1010

10 ACIND)=DSUMXDPIV MF SD1020
11 IND=IND+] MFSD1030

c ‘ MFSD1040

<€ ERD OF DIAGORAL-LOOP ! MF SD1050
RETURN ' MFSD1060

12 J1ER=-} / ¢ MFSD1070
. RETURN - ! MFSD1080
END — - . __MFSD1090
H
y4 |
/
.
. e !
< |
-] N -
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)
$IBFTC SINVO DECK
SINV 10
ooo.ooo-.coo.oa.ooo.o,ooooc.ooooooooooooocoooooooooqoooo.ocaooaco.SlNV 20
SINV 30
SUBROUT INE SINV SINV 40
. SINV 50
PURROSE ’ SINV 60
INVERT A GIVEN SYMMETRIC PISITIVE DEFINITE HAIRlx SINV - 70
SINV 80 )
USAGE SINV 90
CALL SINV(A’NOEPSOiER, , ) SINV 100
’ SINV 110
DESCRIPTION OF PARAMETERS SInV 120
. ___ "= UPPER TRIANGULAR PART OF ‘THE GIVEN SYMMETRIC " SINV 130 ‘ §
POSITIVE DEFINITE Y N COEFFJCIENT MATRIX. SINV 140
OK RETURK A CONT NS TH Ilﬂlﬁﬂgggg\ﬁ\ SINV 150 - q
~TRIANGULAR HA'R‘A. SINV 160 i
] - THE NUMBER Og ROWS (COLUMNS; IN GIVEN MATRIX. TSINV_170 H
EPS - AR IRPUT CONSTANT WHICH IS USED AS RELATIVE SINV/IEF\“\ i
IOLEPAﬂCE—FOR TEST ON L055 OF SIGNIFICANCE. SINV 190 T4
1ER - RESULTMG ERRZR PARAMETER CODED AS FOLLOWS SINV 200
JER= ~ RO EXROR SIRV 210 ;
l§§f~l - NO RESULY BECAUSE COF WRONG INPUT PARAME- SINV 220
TER N OR BECAUSE SOME RADICAND 15 NOH-~ SINV 23C
// POSITIVE (MATRIX A IS NOT POSITIVE SINV 240
7 DEFINITEs POSSIBLY DUE TO LOSS OF SIGNI~ SINV 250
*  FI1CANCE) SINV 260
JER=K ~ WARNING leCH—fNDlCATES LOSS OF SIGNIFI-~ SINV 270
/// CANCE. THE RADICAND FORMED AT 'FACTORIZA- SINV 280 i
TION STEP K+1 WAS-STILL POSlf/VE BUT NO SINV 290 >
LONGER GREATER ‘THAN ABSUEPS®A(K+1sK+13), SINV 300 ;
SINV 310 )
REMARKS SINV 320 g
THE UPPER TRlANGULAR PART OF GIVEN MATRIX IS ASSUKED TO BE SINV 330
STORED -COLUMNWEISE IN N¥{N+1)/2 SUCCESSIVE STORAGE LOCATIONS.SINV 340
N THE SAME STORAGE LOCATIONS THE RESULTING UPPER TRIANGU- SINV 350
. " LAR MATRIX IS STORED JOLUMNWISE TOO. SINV 360
THE PROCEDURE GIVES RESULTS IF N IS GREATER THAN O AND ALL SINV 370
CALCULATED RADICANDS ARE POSITIVE. SINV 380
. SINV 390 .~
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED SINV 400
T MFSD ) SINV 410
SINV 420
METHOD SINV 430
- SOLUIION 1s DOHE USING THE FACTORIZ‘T!ON BY SUBROUTINE MFSD.SINV 440 ;
SINV 450 3
.oonaooo.-ooooc.o--o..ooouoocao--copo.ocoooooouuOoonoaooaocooooQOQSINV 460
SINV 470 3
SUBROUTINE STRVIASNSEPSSIER) .SINV 480
“ + SINV 490
J‘ SINV 500 . .
DIMENSION A(1) SINV 510 - ;
DOUBLE PRECISION DINsWORK SINV 520
. . SINV 530 . Cr
FACTORIZE GIVEN MATRIX 8Y MEANS OF SUBROUTINE MFSD SINV 540 '
A = TRANSPOSE(T) & T SINV 55¢C
CALL MFSDI{A+NEPSHIER) SINV 560
IFC(IERY 99101 4 SINV 570
/ SINV 580
INVERT UPPER TRIANGULAR MATRIX T SINV 590
PREPARE INVERSION-L SINV 600
1 IPIV=N#(N+1)/2 SINV 610 1
IND=IPIV SINV 620
SINV 630
INITIALIZE INVERSION~LOOP SINV 640 /////////
DO 6 I=1eN ~~ SINY 650 . -3
O1N={.00/08LELALIPIVY) SINV & 6o ,
ALIPIV)=DIN . SINV 670
MIN=N SINV. \
KEND=1-1 Si 690 !
.SINV 700

—~—

¥

ANAN

LANF=N-KEND
IF(KEND) 595,42
2 J=IND

75
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[aXaXaXaXa! (aXa)

an

* ALJY=WORK

INITIALIZE ROW-LOOP
DO & K=1+KEND
WORK=0.D0 -
MIN=MIN-1
LHOR=IPIV -
LVER=J '

START INNER LOOP

DO 3 L=LANFsMIN

LVER=LVER+1

LHOR=LHOR+L

WORK=WORK+DBLE (A{LVER}*A(LHOR))
END OF INKER LOOP

ALJI)=~WORK®DIN
J=J-1IN
END OF RO%-LOOP >

IPIV=IPIV-HIN
IND=1KD-1
END OF INVERSION-LOOP

CALCULATE INVERSE(A) BY MEAMS OF JHVMERSE(T)
INVERSE(A) = INVERSE(T) » TRANSPOSE(INVERSE(T))
INITIALIZE MULTIPLICATION-LOGP

DO 8 I=1sN

1PIV=1PIV+]

J=1PIV

INITIALIZE ROW~-LOOP
DO 8 K=I4N
WORK=0.D0
LHOR=J

START INNER LOOP
DO 7 L=KsN..
LVER=LHOR#K~1
WORK =WORK+DBLE (A{LHOR) *A (LVER))
LHOR=LHOR+L
END OF INNER LOOP

J=J+K
END OF ROW-~ AND MULTIPLICATION-LOOP

RETURN
END

76

SINV 730
SINV 740
SINV 750

‘SINV 760

SINV 770
SINV 780
SINV 790
SINV 800
SINV 810
SINV 820
SINV 830
SINV 840
SINV 850
SINV £60
SIKV 870
SINV 880
SINV 890
SINV $00
SINV 910
SINV 920
SINV 930
SINV 940
SILV 950
SINV 960
SINV' 970
SINV 980
SINV 990
SINV1000
SIRV1010
SINV1020
SINV1030
SINV1040
SINV1050
SINV1060
SINV1070
SINV1080
SINV1090
SINV1100
SINV1110
SINV1120
SINV1130-~.
SINV1140
SINV1150
SINV1160
SINV1170
SINV1180
SINV1190
SINV1200
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&) ccep
4] poC
6) STEP
71
8) TTSKF
9) K
109 012
1) RE
12y MU
13) WiE
143 wiE2
15) - EPS
16) PKOUNT
17) PTIME(])
1€) PTINE(2)
19) PTIKE(3)
20) PTIME(S
21 WX
22) WY
23) Wz
24) DELX
?5) DELY
26) OELZ
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